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ABSTRACT 
Previous studies have indicated that the evolution of diversity in the immune 
system genes responsible for antigen presentation in terrestrial mammals is driven by 
selection. However, it is not clear whether mammals in the marine environment would 
experience the same selective pressures as terrestrial mammals, given their different 
pathogen environment. 
The diversity and pattern of radiation of exon-2 (peptide binding region) of the 
DQBJ locus of Class II MHC molecule was investigated in a broad range of cetacean 
species, including an extended sample of six focal species (three Mysticeti and three 
Odontoceti species). The role of natural selection and of the evolutionary history of this 
locus was evaluated based on phylogenetic and genetic distance analyses, in order to 
assess the following hypotheses: i) the marine pathogen environment presents 
comparable selection pressures to those of the terrestrial environment, ii) social 
behaviour and structure will affect pathogenic pressure and iii) populations of cetacean 
species with a world-wide distribution across different habitats and geographic regions 
are under differential selective pressure. 
The phylogenetic comparison of the cetacean species was consistent with the 
trans-species evolution pattern described for terrestrial mammals. Furthermore, high 
non-synonymous to synonyn1ous substitution rates suggest that polyn10rphism at this 
locus in cetaceans is maintained by natural selection. The higher number of trans-
species lineages and non-synonymous substitution rates exhibited by social species 
suggest that social behaviour and social structure may affect pathogenic pressure. 
Population differentiation according to DQBJ locus reveals a contrasting pattern to that 
inferred by neutral markers (microsatellite DNA) supporting the hypothesis that habitat 
and geographic regions may place populations under differential selection pressure. 
The results of the present investigation suggest that the pattern of evolution of 
the immune response in cetaceans is similar to that in terrestrial mammal species. 
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Chapter I: Gf'neml introduction 
CHAPTER 1: 
GENERAL INTRODUCTION 
1.1 Adaptations of cetaceans to aquatic life 
There are at least one hundred species of marine mammals which depend on the 
marine environment for most if not all of their life needs (Berta and Sumich 1999). 
Extant marine mammal species belong to three orders: a) Carnivora (the pinnipeds such 
as walruses, sea-lions and seals; polar bears and sea otters), b) Sirenia (dugongs and 
manatees) and c) Cetacea (Mysticeti such as baleen whales and Odontoceti such as 
dolphins and porpoises). It is commonly accepted that cetacean early evolution started 
approximately 55 million years ago (Mya), from an artiodactyl land-mammal species 
(represented by Elomeryx armatus) to a semi-aquatic intermediate species (represented 
by Rodhocetus balochistanencis, approximately 45 Mya) and to a fully aquatic species 
(represented by Dorudon atrox, approximately 37 Mya; Thewissen et al. 1994; Betta 
and Sumich 1999; Gingerich 2003; Figure 1.1.1). Dorodon atrox belongs to the 
Archaeoceti order, which is comprised by the earliest whales (Thewissen et al. 1996). 
Cetacean adaptation to a fully aquatic existence involved extensive anatomical and 
physiological modifications. 
Early cetaceans had to adapt to four main physical characteristics of the aquatic 
environment: a) water density, b) pressure, c) them1al conductivity and d) salinity. The 
main anatomical and physiological features, which were influenced by these parameters, 
were: a) locomotion, b) diving, c) thennoregulation and d) osmoregulation (see review 
by Williams and Worthy 2002). However, the physical characteristics of the aquatic 
environment were not the only challenges that early cetaceans had to face. Studies on 
several marine pathogenic organisms (including extemal and intemal parasitic 
organisms) of fish, shellfish and marine mammals have shown that these pathogens 
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have been associated to the marine environment for long evolutionary periods (see 
reviews of Howard et al. 1983; Lipscomb eta/. 1994; Kennedy 1999; Higgins 2000). 
Figure 1.1.1: Shows the early evolution of cetaceans according to Thewissen et al. 
1996 (adapted from De Muisson 2001). 
\ 
Pak1cetus 
) ' _.,. 
Ambulocetus 
.. ·. , __ 
0 
For example, the divergence between different cetacean morbillivirus species and a 
hypothetical common terrestrial ancestor occurred millions of years ago (Barrett et a/. 
1993, 1995; Osterhaus eta/. 1995). Cetaceans are warm-blooded and breathe air like all 
mammals; however, they rely on the aquatic environment for their life needs. This may 
result to an interaction with both the terrestrial and the marine environment pathogen 
risk. 
2 
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1.2 MHC Evolution 
The immune system m mammals in classified into innate and adaptive (or 
memory) immunity (see reviews by Roitt eta!. 2001; Lydyard eta/. 2004). The innate 
immune response refers to non-specific immunity such as the phagocytic cells 
(macrophages, monocytes and neutrophils). The adaptive immune response refers to 
specific immunity exhibited by lymphocytes (T cells and B cells) which are responsible 
for the speci fie recognition of antigens. In addition, the adaptive immune response has 
also the advantage of 'memory' upon subsequent exposure to a particular antigen. For 
example, an individual infected by the measles virus will exhibit life-long immunity. 
The adaptive immune response relies heavily on antigen processing and presentation 
which is accomplished by MHC molecules. 
The Major Histocompatibility Complex (MHC) is a multigene family which 
codes for cell surface glycoproteins that bind pep tides of processed foreign antigens and 
present them to T-lymphocytes (Klein 1986; Lawlor eta/. 1990). The MHC plays an 
important role in the vertebrate immune response, as antigen presentation will 
subsequently trigger the appropriate immune responses (Klein 1986). MHC genes are 
classified into two groups, class I and class II. Class I molecules are expressed in most 
nucleated cells whilst class II molecules are expressed primarily in B cells and 
macrophages (Klein 1986; Roitt eta!. 2001). Class I and class II components ofMHC 
were genetically linked when amphibians and mammals diverged from an ancestor 300-
350 Mya (Nonaka eta/. 1997). The gene organization in MHC has been maintained for 
at least 300 million years in vertebrates (Hughes and Nei 1989, 1990). 
1.2.1 MHC function and structure 
Zinkemagel and Doherty (197 4) showed that T -cells wi 11 only recognize short 
fragments of viral proteins when they are bound to specific MHC molecules. In order 
for the immune response to be initiated, T -cells need to be activated by a specific signal 
from the MHC molecule and the pathogen peptide. This phenomenon was called MHC 
restriction, as the immune response is restricted to MHC antigen presentation 
(Zinkemagel and Doherty 1974). The process of the adaptive immune response begins 
with the binding of the peptide to the MHC molecule and the presentation of this 
3 
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complex on the surface of the cell membrane (Klein 1986; Raitt et al. 2001; Lydyard et 
al. 2003). Foreign peptides will initiate the cell mediated immune response by 
triggering the T cells (Roit et al. 2001; Lydyard et al. 2004). Peptides which are 
between 13 to 25 amino-acids long and of an extracellular origin will bind to class II 
molecules and subsequently, they will be presented to helper T-cells (CD4+). Peptides 
which are between 8 to 11 amino-acids long and of an intracellular origin (cytosolic) 
will bind to cytotoxic T-cells (CD8+). Helper T-cells induce antibody production and 
macrophage cells activation whilst cytotoxic cells cause the mpture of the infected cell 
(Roit eta!. 2001; Lydyard et a!. 2003). Therefore, the main function of class I and class 
II MHC molecules is to present sampled peptides from both the intracellular and the 
extracellular environment to T cells. It should be mentioned that class II molecules are 
not restricted to exogenous peptides, for example in a study by Sant (1994) it was 
shown that endogenous membrane peptides were also presented by class II molecules. 
There is evidence to suggest that the function of class I and class II molecules overlap. 
Townsend et a!. ( 1989) showed that when cells were bathed in a solution saturated with 
an extrinsic peptide, both class I and class II molecules bind to the peptide and present it 
on the cell surface. 
Class I and Class II molecules have three different domains: the 
cytoplasmic, the transmembrane and the extracellurar domain (Figure 1.3.1; Klein 
1986). The cytoplasmic domain of the molecule is the part of the alpha chain (class I) 
and alpha and beta chains (class II), which comes into contact with the cytoplasm, by 
interacting with the phospholipids of the membrane (Klein 1986). The transmembrane 
domain of the alpha (class I) and alpha and beta chains (class II) of the molecule 
contains mainly hydrophobic amino acid residues with a total length of 24 residues 
(Klein 1986). 
The extracellular domain of the MHC molecules has been conserved through 
approximately 500 Mya of evolution (Klein et al. 1997). The extracelular domain of 
known class I and class II molecules falls into two different groups: the immunoglobin-
like domains (immunoglobin fold, i.e two sheets of antiparallel ~-strands) and the 
peptide binding domains (MHC fold, i.e. a-helix supported by ~-strands; Klein and 
O'hUigin 1993). 
4 
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Figure 1.2.1: Molecular structure of MHC class II molecule (adapted from Alberts et 
a/. 1999). 
EXTRACELLULAR 
SPACE 
plasma { 
rn.;. mbran.;. 
~chain 
The class I molecule consists a heavy chain (encoded by MHC genes) and an 
invariant chain (encoded by P2 microglobin gene). The heavy chain is comprised by a 
pair of a-helixes forming a large groove, which is supported by the eight P-strands. 
This groove is the binding region of the peptide (PBR) to be presented to T -cells (Figure 
1.2.1; Roitt el a/. 200 I). The extracellular domain of the class II molecules comprises 
of an a-helix and P-strand and together they form the PBR (Figure 1.2.1; Roitt et a!. 
2001). 
Genetic organization of Class II molecules (see reviews by Klein 1986; Roitt et 
al. 2001; Lydyard et al. 2004) 
5 
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There are three loci, DR, DQ and DP, which encode the class II molecules and 
have been identified in several mammalian species (Figure 1.2.2). DR is comprised of 
one a gene and at least nine different ~ genes, DQ is comprised by one functional a 
gene (DQAJ) and one functional ~gene (DQBJ) and DP is also comprised by a single 
functional a gene (DPAJ) and one functional ~ gene (DPBJ). However, DQ and DP 
loci also present an additional pair of a and ~ genes, the functions of which are not well 
determined (Roitt et a/. 2001 ). Class II molecules are heterodimers and are comprised 
by the products of the a and~ genes. For example DQAJ and DQBJ encode the HLA-
DQ antigens. Both a and ~ genes are comprised of five exons and they have been 
shown to exhibit high levels of genetic variation in humans. Polymorphism is centered 
in exon-2 of the a and ~ gene which codes for the peptide binding region (PBR) of the 
DQ molecule. 
Figure 1.2.2: Genetic map of Class I and class II classical loci of the Human Leukocyte 
Antigens (HLA; the human MHC; adapted from Alberts eta/. 2002). 
centromere 
class II MHC genes class I MHC genes 
~~ii~o~;.~------~~~a~.~.~~~R~.~------~~~~J~C~I----~,~jT-
human 
chromosome 6 
BA BA BBA 
HLAcomplex 
Dohorty and Zinkemagel (1975) were the first to show that the product of 
different MHC alleles binds to a different array of proteins and thus correlating MHC 
polymorphism to biological function. Furthermore they suggested that, since MHC 
molecules are co-dominantly expressed, a heterozygote individual will be able to 
present a wider array of peptides and therefore resist a broader array of pathogens 
(Dohorty and Zinkemagel 1975). Sequence studies on MHC have shown that certain 
6 
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class I and class II genes have extremely high levels of polymorphism, among the 
highest observed in all studied organisms (Klein 1986). 
1.2.2 MHC polymorphism 
The MHC class I and class II loci have been shown to be highly polymorphic in 
human, mouse, rat, chicken, bovines, pig, horse, dog and primates (Klein 1986; Udina et 
a!. 1994; Trowsdale eta!. 1995; Ellegren eta!. 1996; Nasir eta!. 1997; Wagner et al. 
1998; Chardon et a!. 1999; Horin and Matiasovic 2002; Otting et a!. 2002; Villegas-
Castagnasso et al. 2003). In humans heterozygosity is as high as 80-90% (Klein 1986). 
However, polymorphism in MHC genes is not random, as it is mainly restricted to the 
sites that specify the amino acids of the PBR (Klein and Figueroa 1986). Two of the 
main reasons that MHC polymorphism has been attributed to positive Darwinian 
selection are: a) the high number of non-synonymous (dn) relative to synonyn1ous (ds) 
rates in the PBR and b) trans-species polynwrphism. 
Nucleotide substitution pattern 
Doherty and Zinkemagel (1975) fmmed the hypothesis that polymorphism m 
MHC is maintained by overdominant selection (heterozygote advantage), a suggestion 
which was further supported by Mmuyama and Nei ( 1981 ), who showed that mutation 
and overdominant selection in finite populations are able to maintain the observed high 
levels of polynwrphism observed in MHC. Hughes and Nei (1988, 1989) showed that 
PBR codons of class I and class II molecules are under overdominant or frequency 
dependent selection, as the rate of non-synonymous substitution per site (dn) was higher 
than the rate of S)'l1onyn1ous substitutions per site (ds) in both humans and mice. 
According to overdominant selection, heterozygotes can-ying new mutants have a 
selective advantage over average individuals (see Chapter 6 for other selection 
hypotheses; Hughes and Nei, 1988, 1989). Furthemwre, MHC variation has been 
attributed to neutral evolution mechanisms such as the high mutation rate hypothesis 
(Klein 1978) and the gene conversion or interlocus genetic polymoprhism hypothesis 
(Lopez de Castro et a!. 1982). However, according to the neutral hypotheses, the dn 
and ds rates are expected to be the same as no selection is involved (Hughes and Nei 
7 
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1988). Hughes and Nei (1988, 1989) suggested that the higher dn rates observed in 
PBR in MHC do not suppmt neutrality. 
Transpecies evolution pattern 
Further support for selection was provided from another characteristic of MHC 
polymorphism, the trans-species pattern of polymorphism (Klein 1980; Klein et a/. 
1998). Alleles in class I and class II have been shown to pre-date speciation events. 
For example, in humans and chimpanzees certain DQBJ alleles have persisted since 
before these two species diverged, 5 to 7 Mya (Lawlor et a/. 1988; Mayer et a!. 1988; 
Gyllensten Erlich 1989). Cluster of trans-species alleles are suggested to represent 
allelic lineages which were present in the common ancestor of the descendant species 
(Klein et a/. 1998). Trans-species polymorphism has been attributed to selection, as 
neutral polymorphisms are not expected to persist in populations (Klein 1980; Takahata 
and Nei 1990; Klein et al. 1998; De Boer eta/. 2003). 
1.2.3 MHC evolution and pathogens 
There are three major advantages pathogens have over their mammalian hosts 
and these are: a) high replication rate, b) high mutation rate and c) high population 
numbers (McDade and Worthman 1999). On a population level, a mammal cannot 
respond to pathogenic pressure as it is relatively long-lived and exhibits relatively low 
rates of mutation (Du Pasquier 1992). Adaptive immunity through T and B cells 
compensates for the evolutionary potential difference between pathogens and mammals 
as their population numbers are high and they also have a high replication rate and a 
high rate of polymorphism through MHC and cell receptors (Paul 1993; Kuby 1994; 
Raitt eta!. 2001; Trowsdale and Perham 2004). 
A pathogen plays a very important role in the evolution of the host species. 
Natural selection has to act on any deleterious effects of those pathogens and the 
pathogens are evolving to overcome any evolved resistance of the host species. This is 
commonly referred to as the arm race between the immune system of the host and the 
pathogen. Due to this interaction genetic polymorphism is promoted in host populations 
for genes involved in the immune response. 
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1.2.3.1 MHC and infectious diseases 
Infectious disease can be caused by a vmts, a bacterium, a fungus and a 
protozoal or a metazoal parasite (Klein and 0 'Huigin 1994 ). Infection may be acute or 
chronic. An acute infection has a short duration and it is strongly pronounced while a 
chronic infection has a long duration and it may or may not be pronounced (Klein and 
O'Huigin 1994; Roitt et al. 2001; Lydyard et al. 2004). Klein and O'Huigin (1994) 
have divided pathogenic organisms into three main categories in the context of MHC 
evolution: a) pathogens causing acute infection, exhibiting high vimlence, b) pathogens 
causing chronic infection and disease and c) pathogens causing chronic infection and 
causing disease only under certain conditions. 
Highly vimlent pathogens such as influenza vims, smallpox vims, rubella vims 
and parasites such as T1ypanosoma gambiense and Plasmodium falciparum fall into the 
first category (Klein and O'Huigin 1994). However, the high vimlence and the fact that 
these pathogens have been associated with human hosts for the last 10,000 years suggest 
that pathogens of the first category exert a relatively small amount of selection on MHC 
(Klein and O'Huigin 1994). The high virulence immobilizes the immune system and 
the host is killed quickly thus not allowing selection to act on the immune response 
(Klein and O'Huigin 1994). Furthem1ore, the HLA polymorphism now present in the 
global population is more than 10000 years old, as the time needed for a novel variant to 
incorporate as a polymorphism into the global population is longer than 0.5 Mya (Klein 
1991 ). 
The second category of parasites follow the Fahrenholz's rule, i.e pathogens of 
this category have speciated in parallel with the hosts and exhibit similar phylogenetic 
histories (Soeda et a!. 1980; Shaden and Villareal 1993). It is suggested that the 
unmune system of the host, including MHC molecules, has co-evolved with the 
pathogen (Klein and O'Huigin 1994). Pathogens such as papovavirus, polyoma virus, 
schistosomata wonns and non-falsiparan plasmodium species have been suggested to 
fall into the second category (Klein and O'Huigin 1994). These pathogens may be a 
source of selection pressure (Klein and O'Huigin 1994). 
The third category of pathogens is that of organisms often referred to as 
opportunistic pathogens, as they are well adapted to their hosts and nonnally they are 
not pronounced (Klein and O'Huigin 1994). However, disease is caused under 
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favorable conditions, such as when the host is immunogically compromised (Klein and 
O'Huigin 1994). Organisms which fall into this category are diverse, including 
cytomegalovirus, herpes simplex virus, Escherichia coli, Pseudomonas sp., Streptococci 
sp., Candida sp. and Pneumocystis carini (protozoan; Klein and O'Huigin 1994). These 
pathogens are ubiquitous in nature and have been associated with their host for long 
evolutionary periods, and they have been suggested to be the main selection forces in 
the evolution of the vertebrate immune response (Klein and O'Huigin 1994). Trans-
species evolution and substitution patterns exhibited by MHC polymorphism are 
suggested to be influenced and maintained by the pathogens of the second and third 
category, as these pathogens have provided a continuous selection pressure on MHC 
genes to diversify and for variants to endure (Klein and O'Huigin 1994). 
1.3 Marine pathogen environment of Cetaceans 
The marine pathogen environment is poorly known and understood; however, in 
the last decade herpesvims, poxvirus, adenovints, calicivirus, papilomavirus and 
morbillivirus were all identified in marine mammals around the world (vanBressem et 
a!. 1999). In the last 20 years thousands of marine mammals have died due to 
epizootics and viral infections (vanBressem eta!. 1999). 
Furthem10re, Goyal et a!. (1983) and Griffin et a!. (2003) demonstrated that 
human enteric viruses from fecal matter remain virulent in the marine environment for 
up to 17 months, thus illustrating the occurrence of human pathogen spillover from the 
tenestrial environment to the marine (Bronwell et a!. 2000). The Canine Distemper 
Virus spillover from dogs, which took place in 1986 in lake Baikal in Russia, had 
devastating effects on the fresh water Baikal seal population (Mamaev et a!. 1996; 
Forsyth et a!. 1998). Morbilliviruses infections are well documented, as they cause 
serious disease with a high mortality rate and they persist in the marine environment. It 
has been indicated that morbilliviruses species, such as Phocine Distemper Virus 
(PDV), Porpoise Morbillivirus (PMV), Dolphin Morbillivirus (DVM) and Cetacean 
Morbillivirus (CMV) have been present in the marine environment for an extensive 
period of time, long enough to detem1ine through molecular data that marine 
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morbillivimses have diverged from the terrestrial spec1es long ago (Domingo et a/. 
1995; Duignan eta/. 1995; Rima et al. 1995). 
1.3.1 Marine pathogenic organisms 
1.3.1.1 Viral diseases 
There have been five mam epizootic incidents m cetaceans involving 
morbillivims infections of five different species that have been documented in the 
literature. The first was in 1987-88 on the east coast of the United States, where 50% of 
the in-shore populations of bottlenose dolphins (Tursiops truncatus) died (Limpscomb 
et al. 1994). The second was in 1988-90 on the North-Eastern Atlantic affecting the 
harbor porpoise (Phocoena phocoena; Visser et al. 1993). The third was in 1990-92 on 
the Mediterranean affecting the striped dolphin (Stene/la coeruleoalba; Di Guardo et al. 
1995). The forth was in 1993-94 affecting the bottlenose dolphin in the Gulf of Mexico 
(Duignan et al. 1995). Recently there have been reports of morbilli viral infection in the 
Pacific in the common dolphin (Delphinus de/phis; Van Bressem et al. 2001). 
The pathogenic agents were identified using monoclonal antibodies and 
sequence analysis to be Dolphin Morbillivirus (DMV) and Porpoise Morbillivirus 
(PMV), two distinct species but closely related (Rima et a/. 1995). In 2000 a novel 
morbillivirus species, Pilot Whale Morbillivirus (PWMV), was identified in a long-
finned pilot whale (Globicephalus melas) distinct from, but closely related to DMV and 
PMV (Taubenberger et al. 2000). However, the origin of these cetacean morbilliviruses 
and the mechanism of dispersal still remain unknown (Wild et al. 1995; Van Bressem et 
al. 2001). There have been nine families of viruses identified in cetacean around the 
world (Van Bressem et a!. 2001; Table 1.3.1). Three distinct families, 
Paramyxoviridae, Poxviridae and Papovaviridae pose a serious risk and they have had 
an affect on increasing mortality rates (Paramyxoviridae and Poxviridae; see Table 
1.2.1) as well as inhibiting copulation and reproduction in several cetacean species 
(Papovaviridae; see Table 1.3.1; Van Bressem eta/. 1999; Van Bressem eta/. 2001). 
1.3.1.2 Bacterial diseases 
The organisms responsible for infections in cetaceans are the same agents as in 
tenestrial infections. Species such as E1ysipelothrix rlwsiopathiae, Staphylococcus 
II 
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aureus, Streptococcus, Pseudomonas aerug111osa, Escherichia coli and Vibrio 
alginolyticus have been found to cause disease in cetaceans from around the word 
(Higgins 2000; Lipscomb 2000; Van Bressem et al. 2001; Table 1.3.2). 
Table 1.3.1: Viral agents in Cetacean species. 
FAMILY 
Adenoviridae 
Caliciviridae 
Hepadnaviridae 
He1pesviridae 
Orthonl)•.roviridae 
Rlwbdoviridae 
Papova>·iridae 
Pal·a!Jl_\·.rol'il·ida 
Po.l'l'iridae 
NAME 
San Miguel sea lion virus, 
Swine virus, 
Cetacean calicivirus 
Herpes-like viruses, 
Porpoise herspervirus 
A/Whale/Maine/1/84, 
A/Whale/Mainc/2/84. 
A/Whale/POll 9/76 
SPECIES 
B. borealis .. B. mysticetus, D. /eucas 
T tmncatus. E. robustus. B. borealis. B. physalus. B. mysticetus. P. 
macrocephalus 
L. obliquidens 
D. leucas. L. obscums 
P. phocoena 
G. me/as. Balaenopteridae 
Dolphin rhabdovirus like L albirostris. D. de/phis. G. me/as. S. coemlealba. P. phocoena. T 
vtrus tn111catus.P. crassidens 
Phococna spinipinnis papil- P. spin1pinnis. L. obscums. P. phocoena 
lomaviruses, 
Papi llomaviruses-1 ike 
viruses 
Cetacean morbilliviruscs 
Cetacean pox viruses 
f'. phocoena. K. bre1·iceps. S. coeruleoabla. S. frontalis. L obscums. L 
acullls. L. albirostris. G. griseus. D. capensis. D. de/phis. T tmncates, 
D. del. Ponticus. G. me/as. G. macrorhyncii/IS, P. cmssidens.F. 
al/enuata. B. phl·salus. P. acutorostrata 
T 11'/lllcat/IS,L. ac/1/us. L. obscums. D. capensis. 0. orca. P. spinipinnis 
Furthermore, a novel Brucella species has been identified to be common in a 
number of cetacean species although abortion caused by Brucella infection has been 
documented only in bottlenose dolphins (vanBressem eta!. 2001 ). A novel species of 
Staphylococcus (Staphylococcus defphini) isolated by suppurative skin lesions 
(Lipscomb 2000) has also been reported. The zoonotic potential of bacterial diseases 
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has been demonstrated to occur in an amphidromus direction between the marine and 
the terrestrial environment; there are documented incidents of humans who work at 
close proximity to captive dolphins that exhibit bacterial infections developing localized 
infections of the same type (Palmer et a!. 1991; Lipscomb 2000). 
Table 1.3.2: Bacterial agents in cetacean species. 
BACTERIAL SPECIES 
E1ysipelothrix rhusiopathiae 
Staphylococcus aureus 
Staphylococcus delphini 
Streptococcus spp. 
Pseudomonas spp. 
Clostridium spp. 
Nocardia spp. 
Vibrio alginolyticus 
Escherichia coli 
Brucella !>pp. 
Salmonella spp. 
Actinobacillus delphinicola 
Vibrio spp. 
CETACEAN SPECIES 
T truncatus. S. plagiodon, G. grampus, L. obliquidens, T aduncus, 
L. albirostris 
T truncatus, T gilli, 
T truncatus 
T truncatus, Globicephala me/as 
T tnmcatus, 0. orca, D. leucas, D. de/phis, L. obliquidens 
T truncatus, D. leucas 
T truncatus, T aduncus. 0. orca, S. longirostris, P. phocoe11a, K. 
breviceps, G. griseus 
L. acutus, T truncatus 
T tnmcatus. D. leucas, 
T tnmcatus. B. acutorostrata, Delphi11us de/phis. L. acutus. B. 
acutorostrata, B. bonaerensis 
T truncatus, Orcunus orca, Globicephala spp. 
Phocoena phocoena. S. coeruleoalba, Mesoplodon bidens 
D. leucas, T. tnmcatus, T. aduncus, 
1.3.1.3 Protozoal diseases 
Toxoplasmosis, which is caused by Toxoplasma gondii, is the main protozoal 
infection found in cetaceans and it has also been observed in the majority (86%) of 
individuals for which the cause of death was a morbillivus infection (Lipscomb 2000; 
Mikaelian et a!. 2000). It was first observed in a mother and a calf bottlenose dolphin, 
and it was initially believed to be a unique and isolated incidence, as Toxoplasma does 
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not survive in marine fish and invertebrates (Higgins 2000; Lipscomb 2000). Further 
evidence came from a stranded spinner dolphin (Stenella longirostris) and from four 
striped dolphins that died during the morbillivirus epizootic (Lipscomb 2000). This 
association is also observed in dogs infected with Canine Distemper Virus (CDV), 
possibly caused by morbillivirus-induced immunosuppresion (Barret 1999; Lipscomb 
2000). 
Ciliated protozoa have also been identified within areas of dennatitis in Atlantic 
bottlenose dolphins (Higgins 2000; Lipscomb 2000). It is suggested that these 
organisms are secondary invaders of wounds inflicted by other causes (Lipscomb 2000). 
1.3.1.4 Fungal diseases 
Fungal diseases have been identified mainly in captive cetaceans (Higgins 2000; 
Lipscomb 2000). Species such as Laboa laboi, Candida spp., Aspergilus spp., 
Sporothrix schenckii, Blastomyces dermatitidis and Clyptococcus neoformans (in a free-
living striped dolphin) were identified as disease causing agents (Higgins 2000; 
Lipscomb 2000). 
1.3.2 Anthropogenic factors and infections 
Pollution, fisheries interaction, habitat loss and habitat degradation are the main 
anthropogenic factors which have a direct affect on populations of cetacean species. 
These factors have the potential to aggravate the infection process and the clinical 
pathology of a patHogenic organism to a given individual, and they may prevent the 
establishment of an enzootic infection, thus favoring recurrent epizootics (Van Bressem 
et a!. 2001 ). This is accomplished through the reduction of the number of animals in a 
population and therefore reducing the number of susceptible animals (Van Bressem et 
a!. 2001 ). 
1.3.2.1 Pollution 
Environmental contaminants present a high risk in populations of manne 
mammals as they are long lived, predators at the top of the food chain and have large 
energy reserves of subcutaneous fat - blubber (Binh Minh et a!. 1999; Becker 2000; 
Taddei et a!. 2001 ). The majority of contaminants are polychlorins, which are 
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lipophylic (fat-soluble) chemicals, and this is the mam reason why they become 
increasingly accumulated at each level in the food chain as fat is metabolized but not the 
contaminants (Ross et a/. 1996; Becker et al. 1997). It has been demonstrated that 
marine mammals accumulate high concentrations of environmental contaminants such 
as Polychlorinated biphenyls (PCBs), DDT and its metabolites, Polychlorinated 
Dibenzo-p-Dioxins (PCDDs) and Polychlorinated Dibenzofurans (PCDFs). This is 
achieved through inhabitation of polluted areas and/or through accumulation in the food 
chain (Ross et al. 1996; Becker et al. 1997; Binh Minh et al. 1999; Becker 2000; Taddei 
et al. 2001). These chemicals interfere with the homeostasis of marine mammals, as 
they mimic hormones (Ross et al. 1996). 
The immune system has been shown to be particularly sensitive to the toxic 
actions of the aforementioned contaminants. Osterhaus et al. (1995) demonstrated that 
seals which fed on contaminated fish from the Baltic Sea showed changes in several 
immune functions including impainnent of in vitro killer and T cell responses and in 
vivo delayed type hypersensitivity and antigen-specific B cell responses. This was the 
first time that it was shown experimentally that pollution can cause immune suppression 
through impainnent of immune functions in marine mammals. Further observations by 
Hall et al. (1992) and Aguilar et al. (1994) indicated that animals which succumbed to 
morbillivirus epizootics had higher concentrations of organochlorides than the live 
individuals at the given time period. 
These observations do not provide solid evidence for contaminant initiated 
immunotoxicity and thus the complete implication of pollution and reoccurring 
epizootics and viral infections has not been determined. However, it is suggested that 
pollution creates conditions that favor the emergence of infections in cetaceans (Van 
Bressem eta/. 1999; Van Bressem eta/. 2001). 
1.3.2.2 Fisheries interaction 
It is estimated that about 800 cetaceans die every day by fisheries interactions 
(Fertl 2002). Fishing gear such as gillnets, set nets, trammel nets, seines, trawling nets 
and longlines pose the greatest danger (Fertl 2002; Read eta!. 2004). The total number 
is 308,000 cetaceans annually and this has an effect on the population dynamics of 
cetaceans and infectious disease agents (Read eta/. 2004). 
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A long period of exposure to a given pathogen is required, in order for enzootic 
infections to occur and for the hosts to develop immunity (vanBressem et a/. 1999). 
Fisheries remove a large number of individuals from cetacean population and this 
constantly disrupts the balance between the host immune response and pathogen 
population structure; by constantly removing individuals from a population epizootic 
outbreaks are favored (Van Bressem eta/. 1999; Vossen et al. 2002). 
1.4 Objectives 
Several studies on MHC polymorphism have indicated that the evolution of 
diversity in immune system genes responsible for antigen presentation in the terrestrial 
mammals studied is driven by selection (Klein 1986). The terrestrial pathogen 
environment has been suggested as the primary selection pressure on MHC genes to 
diversify and for polymorphism to be maintained (Klein and O'Huigin 1994). 
The marine pathogen environment exhibits a degree of similarity with the 
terrestrial environment. Marine pathogenic organisms, which fall into the second and 
third category of Klein and O'huigin ( 1994) classification, have been identified in 
cetaceans (see table 1.3.1 ). For example, morbilli virus and influenza virus infectious 
are highly virulent and may be classifies in the first category of pathogens, whilst, 
viruses of the adenoviridae, caliciviridae, herpesviridae, papoviridae families may be 
classified in the second category. In addition, organisms such as streptococci sp., 
pseudomonas sp. and escherichia coli, which have been classified in the third category, 
are also found in cetaceans (see Table 1.3.2). Furthennore, studies on marine mammals 
have shown that immunosuppresion due to pollution is observed in pinnipeds and 
cetaceans and this has also been observed in terrestrial mammals, confirming that there 
are aspects of the immune response in cetaceans similar to terrestrial mammals (De 
Guise et a/. 1997). However, it is not clear whether cetaceans will experience the same 
selective pressures as terrestrial mammals. 
The main objective of this study IS to evaluate the role of the pathogen 
environment on the evolution of the exon-2 of the class II DQBJ MHC locus in order to 
test the hypothesis that selection generates and maintains variation at this locus. The 
evolution pattern and the role of natural selection on exon-2 DQBJ locus in cetaceans is 
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assessed by phylogenetic and distance analyses at three different levels: I) order level 
(Chapter 3), II) suborder and species level (Chapter 4) and III) population level (Chapter 
5). The hypotheses tested in this study are: 
I) The marine pathogen environment presents comparable selection pressures to 
those of the terrestrial environment. In Chapter 3, the level and pattem of DQBI 
locus variation in cetaceans is assessed and compared to that of terrestrial mammals. 
This analysis will evaluate the role and magnitude of selection on DQBI evolution on 
an extensive sample of cetacean species. 
II) Social behaviour and structure will affect pathogenic pressure. In Chapter 4, 
the effects of social behaviour and social stmcture on DQBJ evolution are assessed 
through the comparison between Odontoceti and Mysticeti suborder and species. This 
analysis will investigate whether environmental differences in cetaceans may also 
affect the strength of selection pressure on DQBI locus. 
Ill) Populations of cetacean species with a world-wide distribution across 
different habitats and geographic regions are under differential selective 
pressure. In Chapter 5, the population stmcture according to DQBJ locus is assessed, 
in order to evaluate the role of selection across different environments and 
geographical scales in cetacean populations. This analysis will investigate the role of 
selection versus other evolutionary forces (such as genetic drift) in shaping DQBJ 
variation in cetaceans. 
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CHAPTER2: 
MATERIALS AND METHODS 
2.1 CHEMICALS 
All chemicals were either Analar or "molecular biology" grade and were 
purchased from Sigma-Aldrich (Poole, Dorset, UK) or Merck Chemicals Ltd. (Poole, 
Dorset, UK) unless otherwise stated. Molecular biology kits were purchased from 
Sigma-Aldrich or Promega Ltd. (Chailworth science park, Southampton, UK) or Qiagen 
(Crawley, West Sussex, UK). 
2.2 SAMPLES 
Tissue samples were collected over a number of years from live or stranded dead 
individuals from 18 different cetacean species (Chapter 3) and provided by Dr A. R 
Hoelzel (Molecular ecology and evolution group, University of Durham, UK). 
2.3 EXPERIMENTAL PRECAUTIONS 
All glassware, buffers (where possible) and solutions were autoclaved at 121 oc 
for 20 minutes to effect sterilization. If autoclaving was unsuitable, solutions were 
sterilized by passage through a 0.2Jlm syringe filter. Solutions used in PCR (see 2.5.1) 
method were made to a final volume, sterilized by passage through the 0.2Jlm filter, 30 
minutes autoclaving and exposed to short-wave UV light prior to usage. 
All work involving PCR and bacteria laboratory techniques was performed in a 
sterile environment under conditions of good microbial/ sterile culture practice. DNA-
A WAY solution (cat. no: 701 0; Merck Chemicals) was used to treat working area and 
equipment prior to PCR work. In addition, all Gilson Pipetman® pipettes were 
routinely treated with DNA-AWAY solution and exposed to UV light. Glassware 
equipment used in SSCP method were soaked for a minimum of 30 minutes in sterile 
water then washed and treated with dimethyl-dichlorosilane ( D-3879; Sigma-Aldrich) 
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2.4 ROUTINE TECHNIQUES 
All the techniques described in this section are routinely used in the laboratory 
and are performed in conjunction with many of the more specific protocols described 
later in this chapter. 
2.4.1 DNA routine techniques 
2.4.1.1 Spectrophotometric quantification of DNA 
The concentration and quality of the DNA was determined by measuring the 
optical density at 260 and 280nm. We considered that at 260nm the OD 1 corresponds 
to 50~g of double stranded DNA. The reading at 280nm accounts for protein 
contamination of the sample. The ratio of absorbance at 260 and 280nm gives a 
measure of the purity of the DNA. A pure DNA solution should have a ratio of 1.8 
(Sambrook et al. 1989). 
2.4.1.2 Restriction endonuclease digestion 
This technique was routinely used in order to isolate PCR insert from plasmid 
DNA. In a microfuge tube, 0.2-5 f.tg of plasmid DNA, 0.5 fll of each the appropriate 
restriction enzymes (Promega), 2 fll of multicore restriction buffer (Promega) and 
distilled water to final volume (20 fll) were mixed and incubated for 1 hour at 37°C. 
The results of enzymatic restriction were subsequently analysed by agarose gel 
electrophoresis. 
2.4.1.3 DNA gel electrophoresis 
Agarose gel electrophoresis was used to isolate DNA fragments produced by 
DNA isolation or PCR method or linearised plasmids produced by enzymatic 
restriction. The DNA fragments were separated on the basis of their size and charge. 
The fragments were then assessed by comparison with standard DNA ladders (L-52721; 
Sigma-Aldrich) run in parallel. DNA samples were routinely electrophoresed in 1.5% 
agarose gel. The electrophoresis was carried out using 0.5x Tris Borate EDT A Buffer 
(TBE; lOX TBE: 50mM Na4EDTA, 10 mM EDTA, 0.4 M Tris boric acid pH 7.5). 
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The appropriate weight of agarose was melted in 1 X buffer, left to cool for a few 
minutes, 0.68 )lg/ml ethidium bromide added and the mixture poured in a Bio Rad-Wide 
Mini-SubTM horizontal gel tray with a comb to provide wells into which the DNA 
samples could be subsequently loaded. The gel was then allowed to set at room 
temperature before addition of the running buffer in the gel tank, removal of the comb 
and loading of the samples. Two or five (PCR product or plasmid respectively) J..ll of 
DNA were combined to 2 J..ll of DNA loading dye (0.25% (w/v) bromophenol blue, 
0.25% (w/v) xylene cyanol FF, 30% (v/v) glycerol, 6mM EDTA) in each sample before 
being loaded into separate well of the agarose gel. 
Unless otherwise stated, electrophoresis was carried out for 30 minutes at lOOV. 
The gel was then viewed under short-wave UV light. The ethidium bromide intercalates 
into the DNA which fluoresces under UV light thus making the DNA bands visible. 
Gels were photographed using a Bio Rad Gel Doc 2000 gel documentation system with 
Quantity-One™ 4.0.3 software. 
2.4.1.4 DNA sequencing reactions 
DNA, prior to sequencing, was purified usmg a Qiagen QIAquick PCR 
Purification Kit™ to remove primer dimers, unincorporated dNTPs, and unwanted 
chemicals. Occassionally, non-specific amplification products were obtained in 
addition to the expected product. In these cases, the Qiagen Gel Extraction Kit™ was 
used to purify only the desired PCR product. The instructions provided with the kits 
were followed. The purified DNA was then sequenced by DBS Genomics (University 
of Durham) using the ABI Big-Dye Tem1inator sequencing kit™ and ru1ming of the 
products on an ABI Prism 3 73 or 3 77 polyacrylamide slab gel automated sequencer. 
Each reaction was carried out using either universal primers (Ml3) for plasmid DNA or 
PCR specific primers for PCR fragments, as appropriate. 
2.4.2 Bacterial routine techniques 
2.4.2.1 Bacterial strains 
Escherichia Coli (E. Coli) XLl blue [recA1, endA1, gyrA96, thi-1, hsdR17 (rK-, 
lllK +), supE44, rei A 1, A-, lac-, [F' proAB, laclqZL'\ M 15, Tn 1 O(Td)]] strain was used for 
transfom1ation of the plasmicls containing the PCR product, generated during this work 
and were freshly made competent prior to usage. 
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2.4.2.2 Preparation of competent E. Coli 
Fresh competent E. Coli were prepared by heat shock using a modified version 
of Chung and Miller (1988) method. Host strain E. Coli were grown ovemight on 
Luria-Bertani (LB) agar (1% w/v Bacto-tryptone, 0.5% w/v Bacto-yeast extract, 1% w/v 
NaCl and 1.5% w/v Bacto-agar) at 37°C then a single colony picked and grown in 20 ml 
LB broth (1% Bacto-tryptone, 0.5% Bacto-yeast and 1% NaCl) in a shaking incubator at 
37°C to a cell density of approximately 5xl07 cells/ml (corresponding to a final O.D. of 
0.5 at 600 nm). Cultures were then cooled on ice before centrifugation in two aliquots 
of 10 ml for 10 minutes at 1000 g at 4 oc. Each cell pellet was resuspended in 1 ml of 
LB containing 10% PEG (v/v; MW=3.350), 5% (v/v) DMSO, 10 mM MgCh and 10 
mM MgS04. After a further 10 minutes on ice, cells were divided into 100 111 aliquots. 
Cells were then ready for transformation. 
2.4.2.3 Transformation of competent cells 
Five microlitres of the ligation reaction were added to an aliquot of the 
competent cells and incubated on ice for 30 minutes. Three controls were used: i) an 
aliquot which contained 5 111 of sterile water, ii) an aliquot which contained 0.5 111 ofT-
Vector and iii) an aliquot which contained 10 pg of blue-script plasmid (Promega). The 
samples were then heat shocked at 42°C for 90 seconds; thereafter 1 ml of LB broth 
containing 25mM of glucose was added and the samples incubated for 1 hour at 3 7°C. 
Samples were plated on LB agar containing 12.5 jlg/ml tetracycline, 100 jlg/ml 
ampicillin, 40 jlg/ml X-gal and O.lmM IPTG (all provided by Sigma-Aldrich). 
Transfonnants were recognized by their ability to grow on the agar and disrupting the 
lacZ gene (exhibiting white colonies). A single colony was then picked and grown 
overnight at 3 7°C in LB broth containing antibiotic for selection. Bacteria were stored 
thereafter with 15% glycerol at ~80°C. 
2.4.2.4 Preparation of plasmid DNA 
Small scale preparation of plasmid DNA were perfonned using the Gene-elute 
miniprep kitTM procedure (Sigma-Aldrich). This method is based on alkaline lysis of 
bacterial cells followed by adsorption of DNA onto silica in the presence of high salt 
(Bimboim and Doly 1979). 
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A single bacterial colony was used to inoculate 5 ml of LB broth containing the 
appropriate antibiotic (50 11g/ml ampicillin), then incubated at 37°C overnight with 
vigorous shaking at 120 rpm. A 1.5 ml aliquot of this overnight culture was pelleted by 
microcentrifugation at 13000 rpm for 1 minute. The supernatant fluid was discarded 
and the cell pellet was processed following the kit instruction manual. The Gene-elute 
miniprep procedure uses the alkaline lysis method of Birboim and Daly (Birnboim and 
Daly 1979) as modified by Sambrook et al. (1989). Bacteria were lysed under alkaline 
conditions, and the lysate is subsequently neutralised and adjusted to high-salt binding 
conditions in one step, ready for purification on the Gene-elute silica-gel membrane. 
The DNA is finally eluted in 50 111 of sterile water and stored at -20°C. 
2.5 MOLECULAR GENETIC METHODS 
2.5.1 Polymerase Chain Reaction (PCR) method 
DNA sequencing of the PBR region of DQBJ gene was carried out by enzymatic 
amplification, followed by cloning and sequencing of the final products. The exon-2 
PBR region was amplified using the primers (CTGGT AGTTGTGTCTGCACAC and 
CATGTGCTACTTCACCAACGG) developed by Tsuji et al. (1992). The reaction 
conditions were 1 OmM Tris HCL (p.H=8.3), 50mM KCL, 2.5mM MgCL2, 0.2mM of 
each dNTP, 0.25 11M of each primer, 2 units of Pfu Taq polymerase (Promega) and 100-
150ng of template DNA in a 25 111 final volume. Enzymatic amplifications were 
performed on either a Hybaid PCR-EXPRESSTM or MJ Research-INC PTC-100™ PCR 
thermocycler. Thermal cycling involved 35 cycles at 94° C for 1 min., 55° C for 2 min. 
and 72° C for 2 min. The products of the reaction were cloned to pGEM T -vector 
system (Promega). 
2.5.1.1 Cloning of PCR products 
The PCR products generated during this work, when necessary, were cloned 
using Easy T-Veetor Cloning kit (Promega) according to the manufacturer instructions. 
The PCR fragments were purified using Quigen PCR purification kitTM and inserted into 
the £caRl site of the pGEMliD-T vector plasmid. Since the PCR fragments were 
generated using Pfit DNA polymerase (Promega) they were blunt ended and therefore 
an A-Tail reaction was required. Five microlitres of the PCR product, 2 111 of 1 Ox Taq 
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polymerase buffer, 0.6 111 of 2mM MgCh, l ~tl of 1 OmM ATP and 0.25 ~tl of Taq 
polymerase (Promega) were mixed and incubated at 72°C for 30 minutes. 
The ligation reaction was carried out using an insert-to-vector ratio ranging from 
3:1 to 10:1. In a microfuge tube 0.5 111 of the pGEM T-Vector ( 10 ng/J..ll), 5 111 of 2X 
Rapid Ligation Buffer, the appropriate amount of PCR product, 1 111 of T4 DNA ligase 
( 4 UIJ..ll) and distilled water to a volume of 10 J..ll were mixed and incubated for 25 
minutes at room temperature. The ligation reaction was then incubated at 4°C o/n and 
subsequently stored at -20°C until use for transforn1ation into the competent cells. 
2.5.2 Single Stranded Conformation Polymorphism (SSCP) method 
Two microlitres of denaturing loading buffer [95% (v/v) Forrnamide, 0.1% (w/v) 
Bromophemol blue, 0.1% (w/v) xylene cyanol and 1 OmM NaOH; Sigma-Aldrich] were 
added to 2 111 of PCR product, mixed thoroughly and denatured for 2 min on either a 
Hybaid PCR-EXPRESS™ or MJ Research-INC PTC-10QTM PCR thern10cycler. 
Following the denaturation step, the single stranded samples were immediately placed 
on ice for a minimum of 2 minutes and were loaded on a non-denaturing acrylamide gel 
[6% (v/v) 49:1 acrylamide: bis-acrylamide, 10% (v/v) glycerol and 1x TBE] for 6 hand 
40 W migrations at 4°C. The gel was incubated for 20 min. with the fluorescent 
GelS tar™ Nucleic Acid Gel Stain (Bio Whittaker, Rockland, ME, USA) according to 
manufacturer instmctions. Allelic conforn1ation was visualized by exposure to short-
wave UV light and photographed using a Bio Rad Gel Doc 2000 gel documentation 
system with Quantity One 4.0.3 software. The allelic patterns for each individual where 
scored and genotypes assigned. The PCR product of individuals exhibiting unique 
patterns of allelic variation was investigated by cloning (see 2.5.1). 
In order to exclude the possibility of E. coli recombinant artifacts by mismatch 
repair of heteroduplexes (Longeri et a!. 2002) the following procedure was performed. 
For each of the unique genotypes, twenty-four recombinant clones were purified (see 
2.4.2) and insert DNA was isolated by restriction endonuclease digestion (see 2.4.1 ). 
Four microlitres of the digestion mixture (containing 50-SOng of insert DNA) were 
mixed to 2 111 of denaturing loading buffer and loaded on a non-denaturing acrylamide 
gel according to the procedure mentioned previously. Ten clones from each unique 
genotype were sequenced in the reverse and forward directions in order to obtain 
identical clones form each unique PBR sequence, from different amplifications, in order 
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to confirm the nucleotide sequence. The files of the sequencing results were processed 
by Sequencer™ version 4.1.2 software program (Figure 2.5.2). 
Figure 2.5.1: SSCP profile of 24 recombinant clones of a heterozygous individual (0. 
orca). Alleles (0. orea-l and 0. orca-2) exhibit a single point difference (A to G) on 
site 160 (see Chapter 3, Figure 3.2.1). Double-stranded DNA is indicated by DS. 
0. orca-/ (+) ____. 
0. orea-l (·) ___._ 
. ' 
2.5.3 Sequence alignment analysis 
A fragment of 240 bp was successfully isolated through PCR amplification; 
however, due to difficulties interpreting the beginning and ending flanking regions of 
the PCR amplicon, 171 bp were used in the analysis. The sequences from different 
individuals and different amplification reactions were aligned by using Sequence™ 
software. Multiple alignments and their corresponding chromatograms (Figure 2.5.1) 
were edited by eye for discrepancies in mistaken nucleotide assignment by automated 
sequencing method. BLAST version 2.2.9 (http://www.ncbi.nlm.nih.gov/BLAST; 
Zhang and Modden 1997) was used in order to confirm that DNA sequences were the 
result of the amplification of exon-2 DQBJ locus. Both nucleotide and amino acid 
alignments illustrated the conservation of motifs between cetacean sequences identified 
in this study and exon-2 DQBJ sequences available in the BLAST database. 
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Figure 2.5.2: Portion of a sequence chromatogram resulting from automated 
sequencing. The sequence is represented in text at the top of the figure (A=Adenine, 
C=Cytosine, G=Guanine, T=Thymine ). The numbers under the text indicate the 
number of the base sequentially within the chromatogram. 
A T G CACAA T AA T ACA T A O CA T G r A f O T A T O AA T A TTT ACAA O 
1o60 150 1 11'0 
In addition, the resulting sequences of the present study were aligned with 6 unique 
cetacean sequences (labeled by -c) provided by Murray et a!. (1995) and 27 unique 
cetacean sequences (labeled by -j) provided by Hayashi eta/. (2003). This combination 
of sequences included all exon-2 DQBJ unique alleles identified to date in cetacean 
species and it was used in the genetic and phylogenetic analyses throughout the present 
study. The sequence alignment generated by Sequencer™ can be exported as a 
consensus file and used for further genetic analyses. 
2.6 GENETIC ANALYSES 
2.6.1 Nucleotide substitution analysis 
Nucleotide substitutions in protein coding DNA sequences are divided into two 
classes: synonymous and non-synonymous (Kumar et a/. 1993). Synonymous 
substitutions are nucleotide substitutions which do not result in amino acid change 
while non-synonymous substitutions are those which result in a different amino acid. 
Since the majority of non-synonymous substitutions are subject to purifying selection, 
the rate of synonymous substitutions (ds) is higher than the rate of non-synonymous 
substitutions (dn; Miyata et al. 1980; Kimura 1983). 
However, under certain conditions non-synonymous substitution rates may be 
accelerated by positive selection (see review by Hughes 1999). The dn/ds ratio (ro) is 
used in order to assess the adaptive molecular evolution between DNA sequences of a 
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given gene, as co measures the difference between the two rates (Hughes 1999; Yang 
and Bielawski 2000). For example, a neutral amino acid difference will be fixed at the 
same rate as a synonymous substitution and thus co=1; a deleterious amino acid 
difference, however, will be removed by purifying selection reducing the fixation rate of 
the non-synonymous substitution, resulting in co<l. · Therefore, only an advantageous 
non-synonymous substitution will offer a selective advantage and will be fixed in a 
higher rate than a synonymous substitution resulting in co> 1. There are several methods 
for estimating the dn and ds values between protein coding DNA sequences. For the 
purpose of the present study I will follow the classification by Yang and Bielawski 
(2000) according to whom, estimating methods are categorized into two classes: a) 
approximate methods and b) maximum likelihood methods. 
2.6.1.1 Approximate methods 
In the approximate methods, the number of synonymous (S) and non-
synonymous (N) sites, i.e. the sites at which synonymous and non-synonymous 
substitutions potentially occur, are first computed (Nei and Gojobori 1986; Li et a!. 
1985; Li 1993; Pamilo and Bianchi 1993). The numbers of synonymous (Sd) and non-
synonymous (Nd) that have occurred between pairs of sequences are computed, 
considering all pathways of nucleotide substitution between each pair of codons 
compared (Nei and Gojobori 1986; Li eta!. 1985; Li 1993). 
Nei-Gojobori method 
The Nei-Gojobori method (Nei and Gojobori 1985) uses the quantities of S, N, 
Sd and Nd in order to calculate the prop01iion of synonymous (p5) and non-synonymous 
(p 11 ) nucleotide differences per synonymous and non-synonymous site respectively: p 5= 
Sr/S and p 11= Nr/N (Nei and Gojobori 1985). The average estimate of the number of 
synonyn10us substitutions per synonyn1ous site and non-synonymous substitutions per 
non-synonyn1ous sites can be obtained by applying the fonnula of Jukes-Cantor: 
Nei and Gojobori (1985) have shown that these equations give an accurate estimate of 
dnlds ratio when the transition (T+--*C and A+--*G) and transversion (T,C-A,G) ratio (R) 
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is not biased i.e. R=l. However, when the bias is large, ds tends to underestimate the 
true number of substitutions, as transitions at the third position in the codon are more 
likely to be synonymous than transversions. Therefore, the S is underestimated and N is 
overestimated (Kondo et a/. 1993; Kumar et al. 1993). Li et al. (1985) developed a 
method in order to incorporate the transition/ transversion bias. 
Li et al. method 
Li et a/. ( 1985) method allocates each site m the codon to 0-fold (non-
degenerate), 2-fold (twofold degenerate) and 4-fold (fourfold degenerate) degenerate 
categories. The 0-fold includes all sites at which all changes are non-synonymous while 
the 2-fold includes those sites at which one out of three changes is synonymous and in 
the 4-fold those at which all changes are synonymous (Li et a/. 1985). The observed 
transitional and transversional differences between codons are then partitioned into 
those occurring at 0-fold, 2-fold and 4-fold degenerate sites and changes between 
codons are assumed to occur with different probabilities (Li eta!. 1985). At the twofold 
degenerate sites, transversions lead to non-synonymous changes whereas transitions 
lead to synonymous changes. In nuclear DNA there are two exceptions to this rule: the 
first positions of CGR and AGR (all code for Arg; R denotes any of A, T, G, C) and the 
last positions of ATH (all code for lle; H denotes any nucleotide except G). In order to 
overcome this, Li et a!. (1985) suggested an ad hoc adjustment where all synonymous 
changes in these cases are classified as transitions and all non-synonymous changes as 
transversions. The equations for dn and ds suggested by Li et al. (1985) are: 
dn= 3[L2A2 + L" (A"+B")J 
- - - - -
(L2 + 3L") 
and ds= 3[L2B 2 + LQ (AQ+BQ)J 
(2L2 + 3Lo) 
where L0 , L2 and L" are the number of 0-fold, 2-fold and 4-fold degenerate sites 
respectively and Ai and Bi are the number of transitional and transversional substitutions 
per ith type site and are given by the equations: 
Ai=( 1/2) ln (ai)- (1/4) ln (bi) 
where ai=l/(l-2Pi -Qi) 
and 
and 
Bi= (l/2) In (bi) 
bi=l/(l-2Qi) 
and Pi and Qi are the number of observed transitional and transversional differences 
respectively, at the ith degenerate site divided by the Li, which is the total number of i-
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fold degenerate sites, where i=O, 2 or 4. The equations for Ai and Bi are based on 
Kimura ( 1980) two-parameter method to estimate the mean of transitional and 
transversional substitutions rate per site, based on the observed proportions of 
transitional and transversional differences. 
The program MEGA version 2.1 (Kumar et al. 2001) was used m order to 
estimate the S, N, ds, dn, R, w values and their variances, according to the two 
approximate methods included in this study, Nei and Gojobori (1985) and Li et al. 
(1985). 
2.6.1.2 Maximum likelihood methods 
Previous studies in molecular evolution have suggested that the approximate 
methods can lead to an overestimation of w value through codon usage bias (e.g. 
Goldman and Yang 1994; Nielsen and Yang 1998; Yang and Bielawski 2000; Yang and 
Nielsen 2000). The approximate methods assume that the rate of codon usage in the 
sequence is uniform. However, Yang and Nielsen (1998, 2000) have shown that codon-
usage bias may significantly overestimates S, and underestimate ds which results in an 
overestimation of co. The maximum likelihood methods count for both the 
transition/transversion bias and the codon-usage bias, therefore the co value estimates 
are suggested to be a significantly improved fit to the real data (Goldman and Yang 
1994; Nielsen and Yang 1998). 
The unit of molecular evolution m the maxtmum likelihood methods is the 
codon and the following assumptions are made (Goldman and Yang 1994; Nielsen and 
Yang 1998): a) molecular evolution acts at the single site level, b) stop codons are not 
included as they are considered not to be involved in evolution, c) mutations at the three 
codon positions occur independently i.e. only single-nucleotide substitutions are 
permitted to occur simultaneously (with the exception of Kosakovsky et al. method) and 
d) the DNA sequences are presumed to be protein-coding. A Markov process is used in 
order to describe substitutions between the possible 61 codons (Goldman and Yang 
1994). The substitution rate from codon i to codon j is defined (Goldman and Yang 
1994; Nielsen and Yang 1998) as: 
0, if i andj differ at more than one position 
IT;, if i andj differ by a synonymous transversion 
KIT;, if i andj differ by a synonymous transition 
con1, if i and j differ by a non-synonymous transversion 
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wKn1, if i andj differ by a non-synonymous transition 
where n is the equilibrium frequency of codon j, K is the transition/transversion rate 
ratio and co is dn/ds ratio. This substitution rate accounts for the three different factors 
observed in adaptive molecular evolution of protein-coding genes: a) the 
transition/transversion substitution rates are multiplied by K which is the transition/ 
transversion rate ratio [estimated by Kimura ( 1980) method, K=2q, where q=R] as 
transitions are known to occur more often than transversions (Goldman and Yang 
1994 ), b) the codon-usage is taken into account by multiplying the substitutions rates by 
the equilibrium frequency of the given codon n1 and c) the possibility that the rates of 
non-synonymous and synonymous substitutions are unequal is taken into account by 
multiplying the substitution rate to the co ratio. The parameter n1 is estimated using the 
averages of the observed frequencies. 
The log-likelihood equation is: 
n 
f( t,K,ffi,J£ )= ~1log {f( Xh)} 
and 
Yang-Nielsen method 
The Yang and Nielsen (2000) method is a full likelihood approach which models 
variation in non-synonymous and synonymous sites according to a pre-defined model of 
distributions. There are nine different substitution rates models (Yang 1997) however, 
for the purpose of this investigation I will focus on the HKY85 model which is the 
model recommended for the present data obtained through the model selection 
procedure of the PAML program version 3.14 (Yang 1997). The matrix for this model 
was: 
Knc 1£A 1£G 
K1£T 1£A 1£G 
Q= 
1£T nc K1£G 
1tT nc KJtA 
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Adaptive selection can be detected by using a series of models which constraint co to 
fixed values or a distribution. The models used in the present study were those 
recommended by Yang eta/. (2000): 
MO (one ratio) 
Ml (neutral) 
M2 (selection) 
M3 (discrete) 
M7 (beta) 
M8 (beta and w) 
This model assumes one co among all sites (Goldman and Yang 
1994). 
This model assumes that co either equals one or zero to represent 
the neutral theory of evolution (Nielsen and Yang 1998). 
This model is the same as M I but there is an additional class of co 
which is free to take any value (Nielsen and Yang 1998) 
This model uses an unconstrained discrete distribution of co with 
a set number of classes: co=1, co< I and co> I 
This model assumes a distribution of co values between 0 and 
among the sites 
This model is the same as M7 except co is a free parameter 
A maximum likelihood logarithm was estimated by each model and a likelihood 
ratio test (LRT) was perfom1ed in order to detem1ine statistically which model fits the 
data significantly. For example given two models A an B, A with p parameters and log 
likelihood of / 1 and B with q parameters and log likelihood /2, then 2(11-/2) can be 
compared to a l distribution with degrees of freedom p-q (Stuart eta/. 1999). If 2{11-/2) 
is sufficiently large then /2 is rejected. In addition, each model estimates the values of S, 
N, ds, dn and co according to maximum likelihood equations (see Yang 1998). 
The Yang-Nielsen method was performed by PAML program version 3.14 
(Yang 1997) in the implemented program called codeml, the phylogenetic tree required 
by the imput file was generated through MEGA version 2.1 (Kumar et a/. 2001 ). In 
order to reduce the computational time required by codeml two simplifications were 
taken (Yang 1998): a) the frequency of codon j, ITj was calculated from the observed 
base frequencies at the three codon positions and b) MO model was executed first with 
the supplied phylogenetic tree then the phylogenetic tree infened by this model was 
used for all the other models. 
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Kosakovsky et al. method 
This maximum likelihood method is similar to the M3 model of Yang-Nielsen 
method with the following modifications: a) the synonymous and non-synonymous 
substitutions are allowed to vary from site to site as a lack of this provision may lead to 
a high rate of false-positive results (Kosakovsky and Muse 2004), b) a more general 
model of nucleotide substitution rates is used, rather than estimating the model from the 
data, c) the Muse-Gaut model for the frequency components (K,co,n:) is used 
(Kosakovsky and Muse 2004) and d) Bayes factors (inferring probabilities for the 
phylogeny) are used. 
2.6.1.3 Radical and conservative substitution analysis 
Amino acids can be classified according to their physico-chemical properties 
into three different groups: a) charge, b) polarity and c) volume. Substitutions within 
groups are referred to as conservative while substitutions between groups as radical. 
Previous studies have suggested that, for genes exhibiting high co ratios and strong 
evidence of positive selection, the estimation of the radical/ conservative (drldc) ratio 
may assess the nature of selection (Hughes et al. 1990; Zhang 2000; Zhang et al. 2002; 
Smith 2003). Zhang et al. (2002) showed that substitutions in pancreatic ribonuclease 
gene resulted in an elevated (significantly different than one) drldc ratio with the charge 
classification and not with polarity or volume classification, supporting the hypothesis 
that selection has acted in order to increase enzymatic activity in low pH. This was 
further supported by the finding that all charge-altering substitutions increased the 
negative charge of the gene (Zhang et al. 2002). 
For the purpose of the present study, amino acids were classified according to 
Zhang (2000) method: 
Charge 
Positive: R, H, K 
Negative: D, E 
Neutral: A, N, C, Q, V, 
G, /, L, 1'rf, F, P, S, T, W, Y 
Polarity 
Polu: R, N, 0, C, Q, E, G 
H, K, S. T, Y 
Non-pola.-: A, I, L, 111, F, P 
w, v 
Polarity and Volume 
Special: C 
Polar and small: N, D, Q, E 
Polar and large: R, H, K 
Non-polar and small: /, L, /11, V 
Non-polar and large: F, W, Y 
Neutral and small: A. G, P. S, T 
The computation of radical and conservative substitutions for each of the 
classifications follows the substitution method of Nei and Gojobori (1986) described 
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previously and the C, R, de, dr and dr!dc are derived by an analogy of that method. The 
difference is that the transition/ transversion ratio is taken into account: 
3 
c;=L:cu 
;~t 
where c;j is the expected number of conservative non-synonymous changes when a 
nucleotide change occurs at the }th (j= 1, 2 or 3) position of the i 111 codon and 
substitutions follow Kimura model (1980). The number of radical (r;) non-synonymous 
sites for codon i is computed similarly. Therefore, the number of non-synonymous sites 
for the ith codon is given by c; + n = n; where parameters c;, r; are multiplied by q 
(transition/transversion ratio in Kimura model) to account for transition/transversion 
bias. The HON-NEW program (Zhang 2000) was used for estimating conservative and 
radical nucleotide substitutions. 
2.6.1.4 Categorization of MHC alleles on a functional basis 
The molecular stmcture of HLA-DR has identified subregions (referred to as 
pockets) in the DR binding groove which exert major influence on the binding, 
presentation and recognition by T-cells (Stem et al. 1994; Ou et al. 1998). Among 
these subregions, pocket 4 amino acid residues ~70, ~71 and ~74 are located in the DRB 
chain and are thought to play a significant role in detennining T -cell recognition of the 
peptide-DR complex (Olson eta!. 1994; Stem et al. 1994; Ou et al. 1996). 
The alleles of the DRB locus of HLA class II molecules have been grouped into 
seven different functional categories according to physicochemical polyn10rphisms of 
the amino acid residues ~70, ~71 and ~74 of pocket 4 in the peptide binding region and 
their influences on T -cell recognition (Ou eta!. 1997; Ou eta/. 1998). Previous studies 
have shown that the charge of the residues of those categories influence the selectivity 
for peptide binding (Hammer et a!. 1995; Wecherpfennig and Strominger 1995; 
Wecherpfennig eta!. 1995; Ou eta!. 1996). Ou et al. (1998) suggested that these seven 
categories can be combined into four groups based on the charges of the ~70, ~71 and 
~74 residues: a positively charged group ( + ), a negatively charged group (-), a eli-
charged group(+/-) and a neutral group (n). 
According to Ou et a/. (1998) method, the charge of pocket 4 is estimated 
according to the sum of ~70, ~71 and ~74 residues charge. For example, the 
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DRB1*1117 allele exhibits the residues RRE in positions 70, 71 and 74 respectively. 
Arginine (R) is positively charged and glutamic acid (E) is negatively charged and this 
allele is classified in the di-charged functional group. When a charged amino acid is 
present among non-polar and/or neutral amino acids, then the allele is classified 
according to the charged amino acid present. The charge of the amino acids was 
detem1ined according to the following categorization (Ou eta!. 1998): 
Neutral Positively charged 
F, M, W, /, V, L, A, P, H, K, R 
C, N, Q, T, Y,S, G 
2.6.1.5 Estimating gamma shape parameter a 
Negatively charged 
D,E 
The gamma distribution is used in order to model substitution rate variation 
among amino acid residues in protein-coding genes (Jin and Nei 1990; Yang 1994; 
Miyamoto and Fich 1996). Under this model the variation of substitution rate A is 
estimated by: 
where the shape parameter a is important because it describes the degree of variation 
and 1/-.!a is the coefficient of a variation A (Tamura and Nei 1993; Yang 1993; Gu and 
Zhang 1997). Therefore, the larger the value of a, the weaker the rate of variation A and 
a when a=oo indicates a uniform rate among sites. Furthermore, although the biological 
meaning of the parameter is still not well defined, a value has been used as a further 
supp011 for selection infeiTed by substitution analyses (Gu and Zhang 1997). The ML 
approach for estimating a was developed by Gu and Zhang ( 1997) and the log 
likelihood function is: 
II 
lnl = IIn.f(k1) 
i=I 
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where N is the total number of sites and k1 is the estimate of the expected number of 
substitutions at site i. The gamma parameter was estimated using GZ-GAMMA 
program (Gu and Zhang 1997). The input file contains the tree topology of the 
sequences which is used to infer the ancestral sequence for each node by a Bayesian 
approach (Zhang and Nei 1997). The expected number of substitutions per site is 
estimated by the Jukes-Cantor model (see 2.6.1 ). The estimate of a is obtained by the 
maximum likelihood approach described above. In the present investigation the main 
use of the inferred a value was to account for rate variation among sites in the 
phylogenetic analyses. This is achieved by re-computing the inferred phylogenetic trees 
including the gamma distribution for the rate variation among sites (Gu and Zhang 
1997). 
2.6.2 Phylogenetic analysis 
Phylogenetic trees showing genetic distance were constmcted using the program 
PAUP version 3.1 (Swofford 1991 ). This program enables the constmction of trees 
taking into account the observed nucleotide frequency, substitution rate and 
transition/transversion ratio, based on Nei genetic distance estimates, maximum 
parsimony and maximum likelihood methods. The bootstrap analysis (Felsenstein 
1988) is used in order to statistically assign support to hypotheses of phylogenetic 
relationship among sequences estimated by the methods mentioned above. This method 
involves sampling the original data set with replacement in order to construct a series of 
bootstrap replicates of the same size as the original data set (Swofford 1991 ). A 
majority-rule consensus tree is constructed for all of the bootstrap trees and the 
bootstrap values indicate the number of times a given group has appeared m the 
bootstrap reconstruction (number is given as a percentage; see Chapter 3: 3.2.2). 
2.6.2.1 Neighbor-Joining method 
Nei (1991) demonstrated by computer simulations that the Neighbor-joining 
method (Saitou and Nei 1987) is one of the most efficient distance methods. In this 
method, the topology showing the smallest value of the sum S of all branches is chosen 
as an estimate of the correct tree, where S= 2m-3 for a bifurcating tree with m 
operational taxonomic units (OTU). However, the S value is not calculated for all the 
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possible topologies, but the examination of different topologies is included in the 
Neighbor-Joining algorithm so that only one final tree is produced (Saito and Nei 1987). 
2.6.2.2 Maximum parsimony method 
Trees constructed by maximum parsimony account the nucleotide sites at which 
there are at least two different kinds of nucleotides present, each represented at least 
twice (referred to as parsimony-informative sites; Kumar et al. 1993). Three OTUs are 
chosen initially and a tree is constmcted containing only those. The length of the initial 
tree is the largest among all possible 3-0TUs determined by the data set i.e. this tree 
exhibits the highest number of nucleotide differences. Using this initial tree, the 
minimum number of substitutions that are required to explain the nucleotide differences 
among OTUs is counted. The sum of this number over all parsimony informative sites 
is the number of steps. This process is repeated and the tree of three OTUs which 
shows the largest value is chosen as the initial core tree. The remaining OTUs are fitted 
to the core tree and the tree which exhibits the smallest number of steps is chosen as the 
final tree. 
2.6.2.3 Maximum likelihood method 
F elsenstein ( 1981) introduced a maximum likelihood approach where trees are 
constmcted based on their maximized probability of observing the data. The maximum 
algorithm is used for searching between different tree topologies and within topologies 
using a combination of the 'pmning' and 'pulley' principle (Felsenstein 1981 ). Pruning 
involves removing one pair of OTUs at a time and estimates the likelihood of the 
remaining OTUs while pulley involves altering the branch lengths since only relative 
differences are considered and therefore the lengths of two branches with a common 
node can be varied in tandem (Felsenstein 1981 ). The tree with the largest log 
likelihood of observing the given alignment under the chosen evolutionary model is 
chosen as the final tree. Log likelihood calculation takes into account branching order 
and branch lengths. 
2.6.2.4 SLAC method 
The Single Likelihood Ancestor Counting method was developed by 
Kosakovsky and Muse (2004). Given an estimate of the phylogeny and the codon-
based substitution model of a set of sequences, this method estimates the number of 
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changes which have occurred along the phylogeny by using the joint reconstruction 
method of Pupko et al. (2000). The final tree is a phylogenetic reconstruction of codon 
substitutions by incorporating synonymous and non-synonymous substitution 
differences into the ancestral state reconstruction method. The ancestral reconstruction 
uses extant sequences and the phylogenetic relationships among them in order to infer 
the most possible ancestral sequences from which they have been derived. Maximum 
likelihood is used in order to estimate the probability of inferred phylogeny. The 
program Hyphy (Kosakovsky and Muse 2004) was used in order to construct the SLAC 
tree phylogeny, using the Neighbor-Joining tree constructed by PAUP version 3.1 
(Swofford 1991) and the codon substitution model inferred by P AML version 3.14 
(Yang 1997). 
2.6.2.5 Median joining network method 
The median joining method begins with a minimum spatming network, which is 
a tree for a set of sequence types connected without assuming any phylogenetic 
relationships (in the fom1 of cycles) or inferring additional ancestral nodes, calculated 
by the Kruskal algorithm (Bandelt et al. 1999). The sequences are combined in a single 
network. The next step adds a few consensus sequences (median vectors) of three 
mutually close sequences detem1ined by parsimony. The median vectors are interpreted 
as extant un-sample sequences or extinct ancestral sequences. The approach of Bandelt 
et al. ( 1999) uses the median vectors which have a good chance of appearing as 
branching nodes in a Maximum parsimony tree, determined by the sequences of the 
network under processing. The procedure is repeated until no new sequences can be 
added. The final tree is a multitude of plausible trees and displays alternative potential 
evolutionary paths in the fom1 of cycles. The program NETWORK version 2.0 (Rohl 
1997) was used to generate median joining networks. 
2.6.3 Recombination analysis 
2.6.3.1 Split decomposition analysis 
The approach of split decomposition analysis is somewhat between phylogenetic 
trees infen-ed by distance methods or maximum parsimony or maximum likelihood and 
the median joining network method. Split decomposition represents all conflicting 
phylogenetic signals in the form of altemative network pathways. For example, 
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evolutionary relationships are represented by a phylogenetic tree whose lineages are 
labeled by a given set of OTUs (or taxa). The edge of those lineages represents a split. 
The split decomposition algorithm exhibits Jess restricted systems of splits allowing a 
more general graph which in tum represents a weakly compatible split system. This 
method depicts parallel edges between sequences on the basis that there are conflicting 
phylogenetic signals in the data. Split decomposition method is used in order to 
determine whether recombination has affected observed phylogenetic relationships, as 
recombination in DNA sequences produces networks of sequences rather than strictly 
bifurcating evolutionary trees (Fitch 1997; Huson 1998; Holmes et al. 1999). The 
program SplitsTree 4-beta5 version (Huson and Bryant 2004) was used in order to 
estimate the phylogenetic tree inferred by the split decomposition method. 
2.6.3.2 Likelihood analysis of DNA recombination 
The likelihood analysis is used in combination to the split decomposition 
analysis in order to map individual recombination events and to provide the statistical 
support for those events. The likelihood analysis of DNA recombination estimates the 
branch lengths of a tree topology of the putative recombinant and two parental 
sequences (Holmes et al. 1999). A break-point (K) is chosen along the branch lengths 
and by moving the K point across the alignment different topologies are produced. 
Therefore, by moving the breakpoint in the three sequences (with three free parameters) 
a different tree is produced with six free parameters. By moving K the maximum 
likelihood position of the recombination breakpoint is determined. A Monte Carlo 
stimulation ( 500 replications) is used to assess the significance of the fit of K to the data. 
The program LARD version 2.2 (Holmes et al. 1999) is used for maximum likelihood 
analysis of recombination. 
2.6.4 Population genetic analysis 
2.6.4.1 Hardy-Weinberg equilibrium 
According to the Hardy-Weinberg equilibrium (HWE), the genotype frequencies 
111 a population of random mating diploid individuals which is free of migration, 
mutation, genetic drift and selection will be equal to: p 2 + 2 pq + {/ =I (see review by 
Gillespie 1998). In the case of a population exhibiting allelic frequencies significantly 
different from the HWE values, non-random breeding (inbreeding), physical linkage, 
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non-random sampling of panmictic individuals from a large population or the Wahlund 
effect may be invoked. Inbreeding and population subdivision will cause an increase in 
the number of homozygotes within the population while outbreeding will increase a 
number of heterozygotes within the population. The observed and expected according 
to HWE levels of heterozygosity should be not significantly different. The departure of 
genotype frequencies from the predictions of HWE may imply the effect of selection 
(Gillespie 1998). 
Genetic diversity as a measure of individual variation within a population 
reflects the number of different types in the population, taking into account their 
frequencies (Gregarious 1987). Levels of genetic diversity for each population were 
examined using the program ARLEQUIN version 2.000 (Schneider et al. 2000). The 
number of unique alleles was calculated for each locus and over all loci and the 
observed heterozygosity (Ho) and expected heterozygosity (HE) levels at each locus 
were tested for deviation from HWE using Fisher's exact test, implemented in the 
ARLEQUIN program. The probability of Fisher's exact test is tested using the Markov 
chain method with 1000 dememorizations, 100 batches and 1000 iterations. The 
equation for the unbiased expected heterozygosity level at a given locus in a given 
population is: 
H = 2n(l- L~2) 
£ (2n -1) 
where Pi is the frequency of each of the alleles at a locus and n is the number of sampled 
individuals (Nei 1987). 
2.6.4.2 F statistics 
Wright ( 1951) devised methods to test the genetic population structure in tem1s 
of three F-statistics: F1s, Fn and Fsr- Theses indexes are used in order to distinguish 
between three possible levels of inbreeding and to quantify population substructure. 
F1s 
Wright's F1s is the correlation between homologous alleles among individuals 
that are part of a local population (Avise 1994). Non-random mating (e.g. mating 
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between related individuals) is one cause of the reduction in the heterozygosity of a n 
individual within a population. The program FSTAT v. 2.9.3 (Gaudet 2001) was used 
in order to calculate F1s and the equation is: 
F 
H -H. 
S I 
IS 
The degree of non-random mating (inbreeding) within a population was assessed by 
comparing the observed and expected heterozygosity levels where, Hi is equal to the 
observed heterozygosity of an individual, estimated as the mean frequency of 
heterozygotes averaged over all subpopulations and Hs is the expected heterozygosity of 
an individual in a subpopulation, calculated separately for each subpopulations and then 
averaged. Frs was initially developed for a locus with only two alleles, therefore, Weir 
and Cockerham's ( 1984) estimator (j) of Fis was calculated in order to develop a 
method for many loci and multi allelic data: 
Where (}~is the between individual variance component and (]",~ the within individual 
component. The estimator (j) of Fis was calculated using FST AT v 2.9.3 (Gaudet 
2001). 
&_ 
This index assumes an infinite allele mutation model in which every new 
mutation creates a novel allele. Fst is based on the variance in allele frequencies to 
determine the level of population subdivision caused by a reduction in heterozygosity 
(Avise 1994). This parameter varies from 0 (no differentiation) to 1 (complete 
differentiation) and is estimated using pairwise population comparisons for the 
proportion of variance that accounts for between rather than within population 
differences (Nei 1973). Fst is defined as: 
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Where H, and H
5 
are proportional to the expected heterozygosity of an individual in 
the whole and subpopulation respectively. When calculating H, it is assumed that all 
the samples were selected from one homogeneous randomly mating population. H
5 
is 
first calculated for each subpopulation and then averaged together. F51 is dependent on 
the assumptions that populations are maintained under the same conditions, they are 
derived from a common ancestor and that gene frequencies are at a state of equilibrium 
(Tufto et a!. 1996). Mutational relationships among alleles are not considered. 
Statistical significance was tested by 10,000 permutations ofthe data. The estimator (8) 
of F51 of Weir and Cockennan (1984) is required in order to estimate F51 for a locus with 
more than two alleles: 
where cr,~ represents the among sample variance, cr: is the between individuals variance 
and cr,~ is the within individuals variance. Values of e were calculated by the program 
ARLEQUIN version 2.0 (Schneider 2000) and FSTAT v. 2.9.3 (Gaudet 2001) and a 
pennutation based approach was used by both programs in order to test the values of e. 
If differentiation between putative populations is nonexistent, then members from each 
population should be able to split and randomly assigned to new groups. This should 
generate values of F51 comparable to the original. 
2.6.4.3 Relatedness 
Relatedness (Re[) between individuals was estimated by using the measure of 
Hamilton ( 1971) with the estimator of Queller and Goodnight (1989). The program 
FSTAT v.2.9.3 (Gaudet 2001) was used: Ref= 2 F5/(I +Fif). The Fit index is calculated 
as: 
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F;, H-H I I 
H, 
where Hi IS the observed heterozygosity of an individual estimated as the mean 
frequency of heterozygotes averaged over the whole population while H 1 is the 
expected heterozygosity of an individual in the whole population. However, Pamilo 
( 1984) demonstrated that inbreeding can affect the estimation of Ref and in order to 
account for the inbreeding bias the corrected relatedness (Ref') is estimated by: 
(
rei- 2F;t J 
l+F 
Rei'= ( 1_ 2; 1 ] 
1 + F;, 
The program FSTAT v. 2.9.3 (Goudet 2001)was used to estimate Rel and Ref'. 
2.6.4.4 Allelic richness 
The number of alleles found within a given population sample is highly 
dependent on the sample size of the population. Allelic richness (R) for each population 
was measured to insure that the observed number of alleles found within a population is 
independent of the sample size of the population. The concept is to estimate the 
expected number of alleles in sub-sample of 2n genes, given that 2N genes have been 
sampled (N?_n). The smallest number of individuals typed for a locus in a sample is 
fixed. The values of n and R are calculated with the program FSTAT version 2.9.3 
(Goudet 2001 ). The equation is: 
( 2N- N) 
R =I 1- -~ 
5 
i=l ( ~;) 
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where N; is the number of alleles of type i among the 2N genes. The tem1s under the 
sum conespond to the probability of sampling allele I at least once in a 2n sample size. 
When the frequency of allele i is very high then the ratio is undefined and the 
probability of sampling the alleles is set to 1. 
2.6.4.5 Gene diversity 
Nei (1987) defined a measure of gene diversity (Hs) as the probability that two 
randomly chosen haplotypes are different in the sample and is estimated as: 
H.,. =-n (1- IP;2) 
11-1 i=l 
Where n is the number of gene copies in the sample, k is the number of haplotypes and 
pi is the probability of the / 11 haplotype. Gene diversity was estimated by the program 
FSTAT v. 2.9.3 (Goudet 2001). 
2.6.4.6 Neutrality analysis 
The program ARLEQUIN version 2.000 (Schneider 2000) was used in order to 
perfom1 the Ewens-Watterson homozygosity test. Watterson (1978) has shown that the 
distribution of neutral haplotype frequencies can be presented as the sum of haplotype 
frequencies (F), which is equivalent to the expected homozygosity. The allele 
frequency distribution (whether it is even or not) is detem1ined by the observed 
homozygosity statistic, which is the observed allele frequencies rather than the observed 
homozygote frequencies, and it is estimated by the equation: 
1\ k 2 
I n F= _I ) 
i=J 11-
n 
where, ') is the probability of the frequency of the / 11 allele. Therefore, for a given 
II-
population, 111 the case of a low value of the homozygosity statistic the allele 
frequencies are even distributed while in the case of a high value of the statistic the 
allele frequencies are un-ever distributed. The comparison between the observed and 
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expected under neutrality value of F (estimated by the algorithm of Steward 1977) 
provides a test of neutrality. The Ewens-Watterson-Slatkin exact test which is 
implemented in ARLEQUIN program estimates the probability of obtaining a random 
sample having a probability of smaller or equal to the observed sample (Schneider 
2000). 
2.6.5 General statistics used 
The MINIT ABTM version 9 was used in order to estimate means and standard 
deviations for the data. This program was also used in order to perform t-test, 
Speannan correlation test and goodness of fit tests. When multiple statistical tests were 
performed, the Bonferonni correction was used in order to account for chance 
capitalization and it is estimated by: a/n where a is the chosen significance level and n 
is the number of statistical comparisons. ARLEQUIN version 2.000 (Schneider 2000) 
was used in order to perform the Mantel matrix correlation test, which assesses the 
significance of the correlation between two matrices by a pemmtation procedure. 
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CHAPTER3: 
EVOLUTION OF MHC DQBJ EXON-2 IN 
CETACEANS 
3.1 INTRODUCTION AND OBJECTIVES 
The human impact on the marine environment has caused the extinction of 
several marine mammal species, for example the Steller's sea cow (H. gigas), Japanese 
sea lion (Z. c. japonicus) and Caribbean monk seal (M. tropicalis) and the depletion of 
many other cetacean species (see review by Martin and Reeves 2002). It was not until 
late 1960's that conservation efforts and regulations where applied at a multi-species 
level (see review by Taylor 2002). Prior to that, all efforts where on specific species 
and populations. For example, in the 1920's, the whaling industry had begun to place 
limits on oil production and gave full protection to the right and gray whales, allowing 
fleets to redirect their attention on other species like humpback, blue, fin and sei whales 
(see review by Reeves 2002). The Marine Mammal Protection Act was erected by the 
American congress in 1972 and was one of the first laws passed as a national 
commitment to conservation. The goal was to achieve and maintain "optimum 
sustainable populations" of marine mammals and conserve genetic diversity, as this is 
the parameter that will allow a given species to evolve and adapt to a changing 
environment. 
In order for conservation to be applied efficiently there are many different 
aspects of the life history of a target species, which are taken into consideration, such as 
reproduction, mortality and natality, survivorship, foraging behavior and age 
distribution (Taylor 2002). Cetaceans are still at a great risk and this is mainly due to 
the fact that they are slow reproducing, long lived and large bodied species, which make 
them especially prone to extinction (Hoelzel et al. 2002). 
Mass strandings and large-scale mortalities caused by pathogens have been 
recorded in recent years and have shown that pathogens are capable of threatening and 
depleting cetacean populations (see Chapter 1 ). Van Bressem et a/. (1999) suggested 
that mass mortalities by pathogens are the most important factor in detem1ining long-
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tenn population sizes in the absence of human exploitation. The genetic study of the 
MHC can be very informative not only at an evolutionary genetics level but also at a 
conservation level. For example, O'Brien et a!. ( 1985), Yunki and O'Brien (1990) and 
Hughes (1991) have suggested that MHC variation should be taken into account in 
conservation and management programs, as MHC variation deficiency may increase the 
risk of extinction of small isolated populations. 
3.1.1 MHC evolution in Marine Mammals 
Trowsdale et a!. (1989) used human class I and class II probes to investigate 
MHC variation in two Mysticeti species, the fin (n=9; Balaenoptera physalus) and sei 
whale (n=5; B. borealis). Restriction fragment length polymorphism (RFLP) analysis 
was performed and it was suggested that MHC in whales does not differ radically from 
human. However, this study also suggested low levels of polymorphism compared to 
human and mouse, an observation which was hypothetically attributed to weak selection 
pressures due to less body contact in cetaceans than in terrestrial mammals. 
Slade ( 1992) investigated MHC polymorphism in two different populations of 
elephant seals (Mirounga leonina) using RFLP analysis and showed low levels of MHC 
polymorphism. This observation was also argued to be the result of diminished 
exposure to pathogenic selection pressure (Slade 1992). However, a study on bottlenose 
dolphin (Tursiops truncatus) by Romano et a!. (1992) investigated the expression of 
class II molecules on lymphocytes and they showed that 100% of the peripheral T -ce1ls 
exhibit pronounced expression of class II molecules, unlike the majority of land 
mammals (22%; Romano et a!. 1992) and comparable to ungulates and carnivores 
(Romano eta!. 1992). 
Mun·ay et a!. (1995) investigated the genetic variation of MHC DQBJ locus 
exon-2 in seven populations in beluga whale (n=233; Delphinapterus leucas). They 
used PCR and SSCP analyses in order to sequence the Peptide Binding Region (PBR). 
The nucleotide substitution analysis demonstrated that there was a higher ratio of non-
synonymous substitutions in PBR sites. In addition, Murray et a!. ( 1995) suggested 
that, although the amount of a11elic variation was low (n=5) in beluga compared to 
terrestrial mammals, the substitution analysis indicated that variation in cetaceans may 
be attributed to positive selection. 
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Furthem1ore, a study by Hoelzel eta!. (1999) in MHC DQBJ exon-2 variation in 
south em elephant seal (n=1 09; Mirounga leonina), northem elephant seal (n=69; 
Mirounga angustirostris), Antarctic fur seal (n= 13; Arctocephalus gazella) and New 
Zealand fur seal (n=19; Arctocephalus fosteri) showed that the phylogenetic analysis of 
these species was consistent to the trans-species evolution pattem observed in terrestrial 
mammals (Klein 1986). In addition, the nucleotide substitution pattem in exon-2 
suggested that DQBJ variation is maintained by positive selection, as higher non-
synonymous rates were observed (Hoelzel et a!. 1999). They suggested that the pattem 
of evolution of MHC in the four species of pinnipeds is comparable to that in terrestrial 
mammals. This study also used PCR, SSCP and DNA sequencing analyses in order to 
assess genetic variation. Flores-Ramirez et al. (2000) investigated the PBR sites of 
class I MHC molecules in gray whale (Eschrichtius robustus) and showed that 
nucleotide variation in three class I loci exhibited substitution pattems similar to that 
attributed to selection in terrestrial mammals. 
Hayashi et al. (2003) studied DQBJ exon-2 variation (PCR-SSCP approach) in 
five species of M.ysticeti (n=9) and eleven species of Odontoceti (n=22) and they 
suggested that although cetacean DQBJ alleles exhibit low levels of trans-species 
evolution, the evolution pattem is consistent to that observed in terrestrial mammals. In 
addition, they showed that non-synonyn10us substitution rates in exon-2 are comparable 
to those in terrestrial mammals. 
3.1.2 Objectives 
The divergence m mammals occurred in an early stage allowing different 
selection pressures to act and affect evolution pattem in cetaceans (see Chapter 1; 
Thewissen 1998; Thewissen and Hussain 1998; Heyning and Lento 2002). Previous 
studies in cetaceans have suggested low levels of variation in MHC, an observation 
which may be attributed to the fact that a single species was investigated (such as 
Beluga whale in Murray et al. 1995) or to low levels of resolution of the method used 
(such as RFLP in Trowsdale et a!. 1989). For the purpose of the present study, a 
thorough sequence analysis using the PCR-SSCP method is conducted, using an 
extensive sample of cetacean species. The main aim is: 
I) To evaluate the evolutionary pattern and radiation of DQBJ locus in 
the order Cetacea. This will be assessed through phylogenetic and 
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nucleotide analysis. The purpose of the phylogenetic analysis is to detern1ine 
the intraspecific and interspecific phylogeny of the identified alleles, as 
overdominant and/or frequency-dependent selection will result in polytomy 
and a trans-specific evolutionary pattern. Nucleotide analysis will assess the 
nature and pattem of amino acid substitutions in the i) full, ii) PBR and iii) 
non-PBR sites of exon-2 sequence. According to the expectations of 
balancing selection, sites involved in antigen presentation will exhibit higher 
rates of non-synonymous substitutions. The main question is whether MHC 
genes in cetaceans are under homologous selection pressure and thus have 
gone through a similar evolutionary path as in terrestrial mammals. 
3.2 RESULTS 
For the purpose of this study, DQBJ variation was assessed through sequence 
and phylogenetic analysis. The nature, pattern and rate of amino acid substitutions were 
detennined through sequence analysis, as a higher rate of non-synonyn1ous to 
synonyn10us and radical to conservative substitutions is observed in MHC DQBI loci in 
other mammalian species (Chapter 1 ), as the result of positive selection. Putative PBR 
and non-PBR sites are taken into consideration. 
3.2.1 Sequence analysis 
A total of 5 73 individuals from 18 cetacean species was surveyed in order to 
isolate and detennine DQBI exon-2 sequences. The oligonucleotide primers DQBJ-
PBR, developed by Tsuji eta!. (1992), are based on conserved regions flanking the PBR 
of exon-2. All alleles were identified and distinguished through SSCP and confirn1ed 
by sequencing. The comparison between each of the alleles to the complete sequence 
database in Genebank (BLAST; Zhang and Madden 1997) revealed sequence homology 
of up to 92% with published sequences of ungulate species. The highest homologies 
were observed between horse, swine, sheep and donkey DQBJ exon2. Table 3.2.1 
summarizes the samples analyzed. The absolute sequence difference between alleles 
was up to 11% within species and 12.3% among species. 
Six alleles out of seven are shared between T. truncatus and T. aduncus and four 
alleles out of ten between B. bonaerensis and B. acutorostrata. MHC allele sharing 
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between closely related spec1es has been observed both in manne and terrestrial 
mammals in previous investigations (e.g. Ellis et al. 1999; Hoelzel et al. 1999; VanDer 
Walt et a!. 2001 ). Furthermore, only four alleles were observed in B. acutorostrata, 
compared to ten in B. bonaerensis, although the sample sizes were the same. In 0. 
orca, T truncatus, B. bonaerensis and B. acutorostrata species, samples are derived 
from the majority of identified populations determined by recent studies, representing a 
wide geographic range of populations. The population genetic analysis of each of the 
aforementioned species is presented in Chapter 5. 
Although DQBJ alleles were easily identified by SSCP, it has been showed that 
recombinant DQBJ sequences can be produced by mismatch repair of heteroduplexes 
during cloning in Escherichia coli, an observation, which was previously thought to be 
Table 3.2.1: The suborder and family name of all the species involved in this study. N 
is the number of individuals from each species and the number of alleles identified 
through SSCP and sequencing. 
Suborder Family Species N No. of 
alleles 
Odontoceti Delphinidae Orcinus orca 181 7 
Tursiops truncatus 90 7 
Tursiops aduncus 140 7 
Stene!! a frontalis 
Stenella coeruleoalba 
Delphinus de/phis 1 
Lagenorchynus acutus 
Grampus griseus 1 
Globicephala me/as 2 
Phocaenidae Phocoena phocoena 2 3 
Ziphiidae Jvfesoplodon stejneri 
Ziphius cavirostris 
Mesoplodon densirostris 1 
Plzyseteridae Plzyseter macrocephalus 4 3 
lvfvsticeti Balaenopteridae lvfegaptera novaeangliae 27 8 
Balaenoptera bonaerensis 60 10 
Balaenoptera acutorostrata 59 4 
Balaenoptera physalus 1 
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due to in vitro recombination and artifact generation by the PCR (Longeri et a!. 2002). 
In order to overcome this and to confim1 that only one locus was amplified, 24 clones of 
each individual were subsequently characterized by SSCP and putative variants 
eliminated (see chapter 2: 2.5.2). Sequencing revealed no more than two sequences in 
each individual. 
3.2.1.1 Sequence alignment analysis 
The consensus of all alleles identified in this investigation contains a continuous 
open reading frame for the entire 171 bp sequence. Figures 3.2.1 and 3.2.2 show the 
nucleotide sequences and the translation for each of the cetacean alleles, note that 
polymorphic sites cluster in the p sheet and the a helix of the protein, and also around 
the sites which are inferred to be important for the selective binding and presentation of 
antigens, a feature which is in accordance with data for terrestrial mammals and HLA. 
This fragment corresponds to the 21 51 to 771h amino acid residues of the exon-2 HLA 
class II DRBI locus and demonstrates the highest homology to HLA DQBI among all 
HLA class II loci. Furthermore, a maximum of two different sequences was found in all 
individuals included in this study, which indicates that sequences are derived fi·om the 
successful amplification of only one locus. 
Site 37 (Figure 3.2.2) displays a high degree of polymorphism, even though it is 
not considered to be involved in antigen presentation based on previous studies of HLA 
DQBI. The Pocket 4 (P4) region in the PBR is comprised of p70, ~71 and ~74 amino 
acid residues and in HLA DRB studies have shown that differences in these sites have a 
profound effect on the actual topology and binding between the antigen and PBR (e.g. 
Olson et al. 1992; Stem eta!. 1994; Fu eta/. 1995). Subsequent presentation is affected 
to a great extent by non-synonymous substitutions at these particular residues (e.g. 
Wecherpfennig eta/. 1995; Ou eta/. 1998). The cetacean alleles exhibit high levels of 
variation in these sites where 88% of substitutions occurring in the putative Pocket 4 
region in cetaceans are non-synonymous. 
Figures 3.2.3 and 3.2.4 show the nucleotide and amino acid variation rate for 
single positions in exon-2 respectively. Both figures clearly illustrate that there is a 
higher degree of polymorphism in the PBR sites than in the non-PBR and also that 
variation in exon-2 is concentrated in the P-sheets and the a-helix of the protein. 
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Figure 3.2.1: DQBJ exon-2 nucleotide sequence for all the species and alleles involved 
in this study. Only the sites exhibiting nucleotide variation are shown. Asterisk denotes 
codons important in antigen presentation and codons in bold font style polymorphic 
regions in HLA DQBJ (Brown et a/. 1993). P4, P7 and P9 residues indicated by red, 
blue and green respectively. Sequences suffixed with (-c) were provided by Hayashi et 
a/. (2003) and with (-j) by Murray eta/. (1995). 
M. monocerosl-c 
D. leucas-cl 
D. leucas-c2 
D. leucas-c3 
D. leucas-c4 
D. leucas-c5 
B. acutorostrata-jl 
B. bonaerensis-jl 
B. bonaerensis-j2 
B. bonaerensis-j3 
B. bonaerensis-j4 
B. bonaerensis-1* 
B. bonaerensis-2* 
B. bonaerensis-3* 
B. bonaerensis-4* 
B • .bonaerensis-5 
B. bonaerensis-6 
B. bonaerensis-7 
B. bonaerensis-8 
B. bonaerensis-9 
B. bonaerensis-10 
M. novaeangliae-1 
M. novaeangliae-2 
M. novaeangliae-3 
M. novaeangliae-4 
M. novaeangliae-5 
M. novaeangliae-6 
M. novaeangliae-7 
M. novaeangliae-8 
B. physalus-j1 
B. physalus-1 
B. musculus-j1 
E. australis-jl 
N. phocaenoides-j1 
N. phocaenoides-j2 
N. phocaenoides-j3 
N. phocaenoides-j4 
N. phocaenoides-j5 
N. phocaenoides-j6 
N. pbocaenoides-j7 
N. phocaenoides-j8 
P. phocoena-jl 
P. phocoena-1 
P. phocoena-2 
0. orea-l 
0. orca-2 
0. orca-3 
o. orca-4 
0. orca-5 
o. orca-6 
o. orca-7 
G. macrorhynchus-j1 
G. macrorbynchus-j2 
G. macrorhynchus-j3 
G. melas-1 
G. melas-2 
T. truncatus-jl 
T. truncatus-1• 
T. truncatus-2• 
T. truncatus-3• 
T. truncatus-4* 
T. truncatus-5• 
T. truncatus-6* 
T. aduncus-7 
T. truncatus-8 
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Figure 3.2.1: (continued) 
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Figure 3.2.1: (continued) 
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Figure 3.2.2: Amino acid sequence of the open reading frame of DQBJ exon-2, based 
on the nucleotide sequence (Figure 3.2.1 ). Only the sites exhibiting nucleotide 
variation are shown. An asterisk denotes amino acids believed to be important in 
selective binding of different peptides and amino acids in bold font style polymorphic 
regions of HLA (Brown et al. 1993; Stem et al. 1994). Amino acid numbering is 
according to Brown et a!. 1993. Sequences suffixed with (-c) were provided by 
Hayashi eta!. (2003) and with ( -j) by Murray et al. (1995). 
21 77 
M. monoceros-cl TERVRLVSRY IYNREEYVRF OSOVGEYRAV TELGRRTAEY WNSQKOILER TRAELO 
D. leucas-cl L H PO K 
D. leucas-c2 L H PO 
D. leucas-c3 0 L H PO 
D. leucas-c4 T 
D. leucas-c5 T E 
B. acutorostrata-jl y T A s PO K F Q 
B. bonaerensis-jl E H FL s PN K R Q K v 
B. bonaerensis-j2 H y T A s PS K Q v 
B. bonaerensis-jJ H y T A s PV N E v 
B. bonaerenses-j4 y T A s PO K E v 
B. bonaerensisl* y T A s PO K E v 
B. bonaerensis2* y T A s PO K L Q K KV 
B. bonaerensis3* v H A s PO K L E s AV 
B. bonaerensis4* v H A s PS K L E s AV 
B. bonaerensis5 E H FL s p K R Q K v 
B. bonaerensis6 y T A s PV N L Q v 
B. bonaerensis7 v A s PO K Q K v 
B. bonaerensisB v A s PO K E v 
B. bonaerensis9 y T A s PO K F Q 
B. bonaerensislO y T l'\ s PO K Q v 
M. novaeangliael v H A PS K L Q R v 
M. novaeangl iae2 A E FA s PO L Q v 
M. novaeangl i ae3 A E F.l\ s PO L Q JW 
M. novaeangliae4 T A s PO Q 
M. novaeangliae5 T FA s PO L Q 
M. novaeangliae6 T FA PS K L Q 
M. novaeangl iae7 A E A s PS K L Q AV 
M. novaeangl iaeB A E A s PO E AV 
B. physalus-jl '{ T A s PO K K 
B. physalusl G 0 R F s PV K L K .1\V 
B. musculus-jl A v H PO K R v 
E. australis-jl T L s PO Q 
N. phocaenoides- 1 E PO K G Q K 
N. phocaenoides- 2 E II PO K G Q K 
N. phocaenoides- 3 F E PO K G Q K 
N. phocaenoides- 4 E F PO K G Q K 
N. phocaenoides- 5 F E H L QI KN G Q K 
N. phocaenoides- 6 F E H FL QI KN G Q K 
N. phocaenoides- 7 E H 0 L KN G Q K 
N. phocaenoides- 8 E H L KN G Q K 
P. phocoena-jl H F PO F E E OV 
P. phocoenal F E R G Q K 
P. phocoena2 YMT H T L Q KQ KA 
0. oreal T F F PO K G E Q E YV N 
0. orca2 T F F PO K G E Q E YV 
0. orca3 H F F PA G E NV 
0. orca4 H F F P.ll. G E OV 
0. orcaS II [' PO G E OV 
0. orca6 GM F F PO Q E AV N 
0. orca? GM F F PO Q E AV 
G. macrorhynchus- 1 F 0 F H PD Q K 
G. macrorhynchus- 2 0 F E E A 
G. macrorhynchus- 3 I R FL F N Q E *V 
G. melasl CMT H 0 L Q KQ KA 
G. melas2 H L F F PO F E H'.' 
T. trunca tus- j 1 F~1N N 0 F N F G K AV 
T. trunca tusl F 0 F H PO K 
T. trunca tus2 F 0 H PO F K 
T truncatus3 v 0 s L F PO K 
T. truncatus4 F T H y FLS F I N K 
T. truncatusS T H FLS F I N K 
T. trunca tus6 Gl~ F PO F Q E AV 
T. trunca tus7 N L F A R y L R v 
T. trunca tus8 E F F PO T G E E E A 
G. griseus-jl SHO N 0 F F I N F G Q E -{V 
G. griseusl H L F F PO F E HV 
D. delphisl F 0 s L A K 
s coeruleoalbal H F PO F E E DV 
s. trontalisl CMT H T 0 L Q KQ KA 
L. acutusl v 0 F F PO Q E YV 
L. obliquidens-jl H F F PO Q E OV 
L. obliquidens-j2 F 0 F OOF N E E E A 
0. brevirostris-jl F 0 F F PO K 
M. s tejnegeri- j 1 s N 0 LO Q 
M. stejnegeril s NC 0 LO Q 
M. densirostrisl F ESH T FL Q F E K KP 
z. caviroscrisl F ESH OF PO L E K KP 
M. carlhubbsi- j 1 s s FL D PO 
P. macrocephalusl F T 0 II PO .'A.V 
P. macrocephalus-jl y T PO 
P. macrocephalus2 F T R PI L Q F. .u..v 
P. macrocephalus] QY T R PI L Q R .l:>._i/ 
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Figure 3.2.3: Maximum Likelihood estimation of site rates in DQBJ exon-2 sequence. 
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3.2.1.2 Amino acid substitution patterns 
I investigated two different parameters with respect to amino acid substitutions. 
The first is an estimation of the relative number of synonymous (silent) and non-
synonymous (amino acid altering) nucleotide substitutions, while the second assesses 
the physicochemical properties of the substitution, such as charge, polarity and volume. 
It has been indicated that the nonsynonymous/ synonyn1ous substitution rate ratio 
positively correlates to the radical/ conservative rate ratio (Zhang 2000; Smith 2003). 
Nonsynonymous/ synonymous substitutions 
Table 3.2.2 summarizes the results of the four different methods used to obtain 
the nucleotide substitution pattems in exon-2 (see Chapter 2). Both the approximate 
and the maximum likelihood methods show that the dnlds ratio is significantly greater 
than one in the PBR sites, an observation consistent with studies in other mammal 
species and an indication of selection (range of t-values=3.647-9.892, p-values=0.002-
<0.00 l, df=26). The highest w values are observed in the PBR sites whilst the lowest in 
the non-PBR sites and this indicates that selection is stronger in the putative PBR sites. 
In addition, thew ratio was not significantly different than one in the non-PBR sites. 
The SLAC phylogeny (see Chapter 2: 2.6.2.4) in Figure 3.2.5 indicates that 
distances between non-synonymous substitutions are smaller within than between 
cetacean families and this result in the clustering of species of the same family. In 
contrast, according to the synonymous substitutions in Figure 3.2.6 phylogeny species 
are all clustered in the center, indicating even phylogenetic distances between different 
species and families. The results of the SLAC phylogenetic analysis hypothetically 
suggest that ecological differences exhibited by different cetacean families may also 
affect the selection pressure and evolution of DQBJ locus. 
The closer the gamma parameter value (a) is to zero, the higher the selection, as 
a is inversely proportional to the coefficient of variation. The GAMMA program (Gu 
and Zhang 1997) was used in order to estimate the gamma parameter of the exon-2 
sequences identified in this study (see Chapter 2: 2.6.1.5). The value was a=0.34, an 
observation which supports the hypothesis that exon-2 is under positive selection (Smith 
2003). In addition, the MEGA version 2.1 (Kumar eta/. 2001) program was used to 
estimate the transition over transversion ratio (K), and K=2.53 (see Chapter 2). The K 
value supports the hypothesis that exon-2 refutes neutrality as DNA sequences under 
neutrality exhibit K ratios close or equal to one (Kumar eta!. 2001 ). 
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Table 3.2.2: Number of synonymous substitutions per synonymous site (ds) and 
number of nonsynonymous substitutions per nonsynonymous site (dn) in the full length 
of the exon-2 sequence and the putative non-PBR and PBR sites respectively. Numbers 
in brackets indicate Standard Error. The dn/ds ratio is denoted by co. An asterisk 
denotes values significantly different from one. 
Full length PBR non-PBR 
Nei-Gojobori 
s 48.515 11.83 7 36.678 
N 111.506 27.163 84.343 
ds 0.0292 (0.0076) 0.0233 (0.0144) 0.0302 (0.0094) 
dn 0.1041 (0.0234) 0.3008 (0.0823) 0.0536 (0.0173) 
(0 3.5651 * 12.9099* 1.7748 
Li eta/ (1985} 
s 56.462 4.280 21.624 
N 104.670 27.042 77.602 
ds 0.0821 (0.0196) 0.0603 (0.0270) 0.0475 (0.0150) 
dn 0.1039 (0.0232) 0.2781 (0.0778) 0.0519 (0.0170) 
(0 1.2655 4.6119* 1.0926 
Yang-Nielsen (ML} 
s 58.309 16.714 28.452 
N 112.692 25.286 90.547 
ds 0.106 0.076 0.102 
dn 0.251 0.422 0.141 
(0 2.365 5.549* 1.380 
Kosakovsky et a/. (2004} 
s 50.374 17.655 31.708 
N 120.626 23.449 93.842 
ds 0.082 0.085 0.085 
dn 0.263 0.458 0.097 
(0 3.197* 5.431* 1.134 
The simplistic assumptions which are made by the Nei-Gojobori (1986) method 
tend to overestimate the non-synonymous and synonymous sites in the sequences 
because this method ignores transition/transversion ratio and codon usage. As a 
consequence co has high values compared to the other methods; in the PBR in particular. 
The Li et a!. (1985) method takes into consideration the K and a values and thus. co 
values obtained are smaller than the values obtained from the Nei-Gojobory method. 
However, the codon-usage bias in Li 's method results in the overestimation of 
synonymous changes in synonymous sites and clue to this assumption, the co value in 
full length and in non-PBR sites is smaller than the values obtained fom1 all the other 
methods(seeTable3.2.2). 
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(1] M. monoceros-c 
(2] T. truncatus-1 * 
[3] T. truncatus-2* 
(4] G. macrorhynchus-j2 
(5] 0 . brevirostris-j1 
(6] T. truncatus-3* 
[7] 0 . de/phis-1 
(8] P phocoena-1 
(9] L. obfiguidens-j1 
(10] G. macrorhynchus-j1 
(11] T. truncatus-4* 
(12] Z. Cavirostris-1 
(13] T. truncatus-5* 
(14] T. truncatus-6* 
(15] M. Oensirostris-1 
(16] G. macrorhynchus-j3 
(17] B. bonaerensis-1* 
(18] N. phocaenoides-j2 
(19] N. phocaenoides-j3 
(20] N. phocaenoides-j6 
(21] N. phocaenoides-j7 
(22] N. phocaenoides-j1 
(23] N. phocaenoides-j5 
(24] N. phocaenoides-j4 
(25] N. phocaenoides-j8 
(26] B. bonaerensis-2* 
(27] B. bonaerensis-j1 
(28] B. bonaerensis-3" 
(29] B. physafus-j1 
(30] B. bonaerensis-4* 
(31] B. bonaerensis-j2 
(32] B. bonaerensis-j3 
(33] P. macrocepha/us-1 
(34] P. macrocephafus-j 1 
(35] B. muscufus-j1 
(36] M. carfhubbsi-j1 
(37] B. bonaerensis-5 
(38] B. acutorostrata -j1 
(39] P. macrocephafus-2 
(40] P. macrocephalus-3 
(41] O.teucas-c2 
(42] D.teucas-c6 
(43] O.feucas-c3 :;.:; 
(44] E. austrafis-j1 
(45] D.leucas-c5 
(46] D.leucas-c4 
(4 7] P. phocoena-2 
(48] M. novaeangliae-2 
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The ML methods are based on explicit models of codon substitution and all the 
different parameters in the model i.e. sequence divergence, transition/transversion ratio 
and the dn/ds ratio are estimated from the data. The analysis for the ML methods was 
performed at three different ro initial values: ro=1, ro=2 and ro=0.5 and the analysis 
which exhibited the highest likelihood value was used. In addition the model for codon 
substitution was derived from the present data in order to accurately estimate the ro 
value. 
Radical/ conservative substitutions 
Figure 3.2.7 shows the ratio of radical over conservative ammo acid 
substitutions in exon-2 for each allele identified in the present study (see Chapter 2). A 
significantly higher rate of radical substitutions has been taken as evidence for positive 
selection, even when there is no observation of significantly higher rate of non-
synonymous than synonymous substitution (Gu and Zhang 1997; Zhang 2000; Smith 
2003). 
The radical/ conservative ratios in polarity (Figure 3.2.7-A) and charge (Figure 
3.2.7-B) is 0.284 and 0.952 respectively, which is not significantly different than one (t-
value=; p-value=; df=). This indicates that exon-2 is under neutrality, as it is only the 
radical substitutions which alter the physicochemical properties and thus having an 
effect on protein functions (Gu and Zhang 1997). However, Zhang (2000) showed that 
polarity and charge alone should not be considered as accurate propetties in predicting 
functionally important substitutions. 
Previous studies have shown that the intensity of positive selection is not 
significantly greater for radical changes than for conservative changes when only charge 
or polarity is considered (Gu and Zhang 1997; Zhang 2000). Therefore, Zhang (2000) 
suggested that the combined amino acid analysis of polarity and volume will give an 
accurate estimation of positive selection. These observations are consistent to the 
results of the present study. 
In Figure 3.2. 7 A and B, where charge and polarity are considered individually, 
the ratio of radical/ conservative substitutions indicates neutrality; however, in Figure 
3.2.7-C where the properties of both polarity and volume are considered the ratio is 
3.074, significantly higher than one (t-value=3.471; p-value=0.003; df=l64). This may 
further suggest that DQBJ exon-2 in cetaceans is under positive selection. 
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Figure 3.2.7: Numbers of conservative and radical substitutions per site for cetacean 
DQBJ exon2 considering: A) Polarity, B) Charge and C) Polarity and volume (Miyata 
et a/.1979). 
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3.2.2 DQBJ Phylogenetics 
The phylogeny of cetacean DQBJ alleles was investigated under three different 
phylogenetic models: a) Tamura-Nei (TN; Figure 3.2.8), b) Maximum Likelihood (ML; 
Figure 3.2.9) and c) Maximum Parsimony (MP; Figure 3.2.10); all trees were based 
upon 1000 bootstrap replications. The Tamura and Nei model (1993) takes into account 
transition/ transversion bias, gamma parameter of substitution rates (a) and nucleotide 
frequencies. Similar results were obtained by all different methods indicating that the 
patterns of sequence relationships are independent of the method used for phylogenetic 
reconstruction. To test that convergent evolution was not responsible for the observed 
branching order, the TN analysis was performed by taking into consideration the PBR 
and the non-PBR sites individually (Figures 3.2.12 and 3.2.13 respectively). It is 
indicated that the similarity between alleles is due to common ancestry, as both trees 
exhibit similar pattern of phylogenetic relationships. The phylogenetic analysis of the 
cetacean DQBJ alleles identified in this study reveals a trans-species mode of evolution 
where alleles are clustered according to types rather than to species. Figure 3.2.11 
shows a TN tree of cytochrome-b in order to illustrate the trans-species evolution 
pattern exhibited by MHC evolution. 
Figure 3.2.8 illustrates the Neighbor-Joining tree of exon-2 of DQB1 locus 
constructed by the Tamura-Nei distance estimation model, which takes into 
consideration transition/ transversion and nucleotide frequencies estimated from the 
data using the Nei-Gojobori method with Jukes-Cantor correction (see Chapter 2: 
2.6.1.1 ). Bootstrap values range between 51-100%. Thus, the phylogeny is strongly 
supported. Two HLA DQB1 sequences are used as outgroups. DQB1 sequences of 
ungulates, which show a homology of up to 92%, are not included in the cetacean 
lineage. The cetacean phylogeny is characterized by an extended polytomy with short 
branch lengths. Trans-species lineages are forn1ed, for example: 1) P. phocoena-1, 
S.coeru/eoalba-1. G. melas-1, G. griseus-1 (bootstrap value 55), 2) P. phoconea-1, G. 
melas-2, S.frontalis-1, L. vexillifer-4,-5 (bootstrap value 88), 3) M. densirostris-1, Z. 
cavirostris-1 (bootstrap value 95). 
Figures 3.2.9 and 3.2.10 show a ML and MP phylogeny respectively. The range 
of the bootstrap values is between 50-99% in both trees. Although the cetacean 
sequences exhibit similar branching pattern as in the TN phylogeny, the main difference 
is that the DQB1 sequences from the ungulates falls within the cetacean lineage. 
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Figure 3.2.8: Neighbor-Joining tree of DQBJ exon2 sequences identified in this 
study. Tree is based upon 1000 bootstrap replications. Numbers in bold font style 
above branches indicate bootstrap value, numbers below in regular style the 
distan~es. 
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Figure 3.2.9: Maximum Likelihood tree of DQP exon2 sequences identified in this 
study. Tree is based upon 1000 bootstrap replications. Numbers in bold font style 
above branches indicate bootstrap value, numbers below m regular style the 
distances . 
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Figure 3.2.10: Maximum parsimony tree of DQP exon2 sequences identified in 
this study. Tree is based upon 1000 bootstrap replications. Numbers in bold font 
style above branches indicate bootstrap value, numbers below in regular style the 
distances. 
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Figure 3.2.11: Neighbor-Joining tree of cytochrome - b sequences of all the cetacean 
species used in this study. Tree is based upon 1000 bootstrap replications. Numbers 
in bold font style above branches indicate bootstrap value, numbers below in regular 
style the distances. 
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Figure 3.2.12: Neighbour Joining tree of DQBJ exon-2 putative PBR sites. Tree is 
based upon 1000 bootstrap replications. Numbers in bold font style above 
branches indicate bootstrap value, numbers below in regular style the distances . 
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Figure 3.2.13: Neighbour Joining tree of DQBJ exon-2 putative non-PBR sites. 
Tree is based upon 1000 bootstrap replications. Numbers in bold font style above 
branches indicate bootstrap value, numbers below in regular style the distances. 
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The cetacean sequences again show the same topology as in the previous phylogenies. 
Ungulates are included in the cetacean lineage. 
Figure 3.2.12 shows the phylogeny of the putative PBR sites in cetacean DQBJ 
alleles while figure 3.2.13 shows the phylogeny of the non-PBR sites. In the PBR 
phylogeny, there are seven allelic clusters denoting trans-species evolution and the 
branch length of the cetacean sequences denote at least 0.05 substitutions per site. In 
the non-PBR phylogeny there are two clusters, both within Ziphidae, which indicate 
trans-species evolution and branch lengths denote 0.01 substitutions per site. 
3.2.2.1 Recombination 
Fitch ( 1997) showed that recombination produces networks of sequences rather 
than strictly bifurcating trees, therefore, the initial search for recombination in MHC 
DQB1 exon2 was conducted using split decomposition (see Chapter 2; Huson 1998). 
This analysis depicted parallel edges between sequences if there are conflicting 
phylogenetic pathways in the data and it was undertaken with the SplitsTree program 
(version 2.4; Hunson 1998). Figure 3.1.14 shows that DQBJ alleles are linked to each 
other by multiple pathways, suggesting evidence for networked evolution. In order to 
determine which of the alleles were the most likely recombinants, each nucleotide site 
was mapped onto the splits graph (see Chapter 2: 2.6.3; Holmes et al. 1999). This 
analysis revealed that the alleles G. melas-2 and B. acutorostrata-2 contained distinct 
regions which showed closest connections to different alleles in the sample. G. melas-2 
sequence closely matched that of P. phocoena-1 and S. frontalis-land B. acutorostrata-
2 closely matched that of B. physalus-1 and B. bonaerensis-}4. LARD analysis (version 
1; Holmes et a/., 1999) was performed, in order to map individual recombination event 
(referred to as break-point) on the alleles G. melas-2 and B. acutorostrata-2 (see 
Chapter 2). This analysis indicated that the putative break-point in B. acutorostrata-2 is 
at site 30 (Figure 3.2.1) and in G. melas-2 at site 87. 
3.3 Discussion 
This study evaluated the radiation and the level of polymorphism in the DQB1 
locus in the mammalian order Cetacea. The pattern of evolution and the relatively 
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high levels of polymorphism for the cetacean DQBJ are consistent with observations for 
several other mammalian orders, for which the pattern has been attributed to natural 
selection (Gyllesten et al. 1990; Hughes and Yeager 1998; Seddon and Ellegren 2002). 
Previous studies in cetaceans (see 3.1) have suggested relatively low levels of MHC 
variation. However, present results argue that cetaceans exhibit similar levels of 
variation as terrestrial mammals. I suggest that MHC DQBJ variation in cetaceans is 
comparable to terrestrial mammals for the following reasons. 
Two of the main characteristics of MHC polymorhism attributed to natural 
selection are the trans-species evolution pattern and high non-synonymous substitutions 
rates (Klein 1986; Hudges and Nei 1988,1989; Wills 1991; Hughes and Yeager 1998; 
Klein et al. 1998). Results of the evaluation of DQBJ evolution in cetaceans (Figures 
3.2.8-3.2.1 0) demonstrated that those two characteristics are observed in the cetacean 
DQBJ radiation. 
In a study of allelic diversification at the DQBJ locus in the order primata, 
Gyllesten et al. (1990) compared 30 humans of different ethnical origin (Caucasian, 
African and Asian), 13 chinpanzees (Pan troglodytes), 4 pygmy chimpanzees (Pan 
paniscus), 6 gorilas (Gorilla gorilla), 1 baboon (Papio leucapheus), 2 rhesus monkeys 
(Macaca mullata), 2 langurs (Pres[Jytis entellus) and 1 capuchin monkey (Ce[Jus 
capuchinus) and found 38% of the DQBJ locus lineages to exhibit trans-species 
evolution. The same study found a mean of nonsynonymous to synonymous (dn/ds) 
ratio of 2.05 (Nei-Gojobori method, full length of exon-2). Hughes and Yeager (1998) 
showed that 53% of DQBJ allelic lineages between human and chimpanzee (Pan 
troglodytes) exhibit trans-species polymorphism and a dn/ds ratio of 2.643 (Nei-
Gojobori method, full length of exon-2). In a study on DQBJ exon-2 evolution in the 
family canidae, Seddon and Ellegren (2002) compared European (n=l63) and North 
American (n= 8) wolves (Canis lupus), dogs (n=30; Canis fascicularis) and coyote 
(Canis latrans) and found 42% of allelic lineages to exhibit trans-species 
polymorphism. The dn/ds ratio was estimated as 2.43 (Nei-Gojobori method, full 
length of exon-2). The present study found that in the cetacean order, 38% of DQBI 
allelic lineages exhibit trans-species polymorphism and the dnlds ratio is 3.565 (Nei-
Gojobori method, full length of exon-2; Table 3.2.2). Furthem1ore, the phylogenetic 
relationship among alleles of the DQBI locus in primates and canines showed similar 
patterns to that seen in the Cetacea order. In each of the cases the phylogenetic trees 
infened exhibit extended polytomies and low levels oftaxonomic structure. 
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For primate and canme studies, trans-species polymorphism and nucleotide 
substitution patterns have been attributed to natural selection by the pathogenic pressure 
of the teiTestrial environment. Cetaceans exhibit comparable patterns of trans-species 
polymorphism and nucleotide substitution in the marine environment suggesting a 
similar level of selection in response to marine pathogens. 
3.3.1 Conclusions 
The observed pattern of evolution of MHC class II DQBJ allele in the cetacean 
species involved in this study indicates that exon-2 is under selection pressure and 
variation is being maintained by positive selection. 
Two main conclusions are drawn through the phylogenetic analysis: a) 
phylogenetic relationship among the cetacean species does not recapitulate the expected 
taxonomic relationship, b) alleles from different species and different genera fall in the 
same allelic lineages. In the cytochrome-b NJ tree there is a clear distinction between 
Odontoceti and Mysticeti and at the family level as well. The cytochrome-b NJ tree 
shows a characteristic evolutionary pattern of a functional protein and upon comparison 
with DQBJ, the different evolutionary pattern is obvious. An extended polytomy and a 
trans-species evolutionary pattern are characteristics for the MHC genes in mammalian 
species and it is the same pattern observed in this study. 
Sequence analyses show that cetacean DQB l: a) is implicated in the immune 
response of cetaceans and is functional and b) is selected positively and under selection 
pressure. Higher number of non-synonymous to synonyn10us substitutions is expected 
for MHC loci as they are under the influence of balancing selection (see chapter 6). b1 
addition, the putative PBR sites identified from HLA analysis exhibited the highest non-
synonynlous to synonymous substitution rates compared to non-PBR and to full length 
analyses. 
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CHAPTER 4: 
EFFECTS OF CETACEAN LIFE HISTORY 
ON DQB1 EVOLUTION 
4.1 INTRODUCTION AND OBJECTIVES 
Studies in disease dynamics and epidemiology in mammals indicate that social 
behaviour can affect the disease transmission rate (Began et al. 2002; Day and Bums 
2003; Mylius and Metz 2004) and that social species are under higher pathogen pressure 
than less social species (Bowers and Turner 1997; Beardmore et a!. 2001; Read and 
Keeling 2003; Gudelj and White 2004). In the Odontoceti suborder, at least 89% ofthe 
extant species are social and fom1 groups, living at very close proximity to each other in 
groups, while, at least 93% of Mysticeti species are solitary (Connor 2002; Martin and 
Reeves 2002). The divergence between Odontoceti and Mysticeti in the cetacean order 
took place approximately 33-34 million years ago (Thewissen 1998; Nikaido et al. 
1999), early in the radiation of Cetacea, and thus allowing for possible differences in 
selection pressure to affect the pattern ofMHC evolution in each suborder respectively. 
4.1.1 Cetacean social organization 
4.1.1.1 Odontoceti social behaviour 
Two main social structures have been observed in Odontoceti species, a 
consistent, stable society, and a flexible fluid society (Connor et a!. 1998). The fom1er 
has been observed in the pilot whales (G. macrorhynchus and G. me/as; Olson and 
Reilly 2002), killer whale ( 0. orca; Ford 2002), sperm whale (P. macrocephalus; 
Whitehead and Weilgart 2000); the latter in the bottlenose dolphins (T. aduncus and T. 
truncatus; Connor et al. 1999; Scott and Wells 2002), Risso's dolphin (G. griseus; 
Baird 2002), common dolphin (D. de/phis; Evans 1994), Atlantic spotted dolphin (S. 
frontalis; Carwardine 1995), Striped dolphin (S. coeruleoalba; Archer and Pen-in 1999), 
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Atlantic white sided dolphin (L. acutus; Leduc 2002), harbor porpoise (P. plwcoena) 
and finless porpoise (N. phocaenoides) among others (Read 2002). 
In the killer whale, social associations are formed in small matrilineal groups 
(refened to as pods) with an average size between 15-20 individuals (Bigg eta!. 1990). 
Pilot whale society is believed to be very similar to that of the killer whale, where large 
groups of up to 200 individuals are comprised of smaller pods defined by strong bonds 
among individuals (Olson and Reilly 2002). In spem1 whales, females fonn stable 
associations of approximately 12-15 individuals (Whitehead 2000). Males upon 
maturity leave the unit to form loose aggregations (refened to as 'bachelor groups') 
with males of similar age and size (Whitehead 2000). As male sperm whales age, social 
associations and group size tend to diminish (Whitehead 2002). 
The fluid society system is exhibited by the smaller members of the suborder, 
where associations are generally brief and groups composition dynamic (Connor 2002; 
Leduc 2002). A characteristic example is the social structure of the common dolphin 
where a large group of up to hundreds of individuals is formed composed of smaller 
more stable groups (Evans 1994). Nevertheless, the structure of each of the smaller 
groups is unstable and temporary, compared to 'stable society' species, such as the 
killer whale (Leduc 2002). 
Beaked whales (Z. cavirostris, M. carlhubbsi, M. stejnegeri and M. densirostris) 
are also considered to be social species, forming relatively small groups of 5-10 
individuals. Mass strandings have occuned suggesting strong social bonds between 
individuals, however, information is very restricted as beaked whale species are rarely 
sighted (Mead 2002). 
Beluga whale (D. leucas) and Narwhal (M. monoceros) fonn temporary groups 
of 5-10 individuals although large herds of up to 1000 individuals have been observed at 
times. Social structure is fluid, as short termed associations are fom1ed between 
individuals within groups (Munay eta!. 1999; Con-y-Crowe 2002). 
4.1.1.2 Mysticeti social behaviour 
Associations between individual mysticetes are sometimes observed during 
migration, mating and foraging behaviour, but it is generally accepted that Mysticeti 
species tend to lead a much more solitary and asocial life than Odontoceti species 
(Bannister 2002; Connor 2002). Aggregations typically do not exhibit the high density 
and physical proximity seen for Odontoceti; individuals are usually dispersed over a 
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large area and rarely come into close contact (Valsecchi eta!. 2002). In the Mysticeti 
species, such as the minke whales (Balaenoptera acutorostrata and B. bonaerensis), fin 
whale (Balaenoptera physalus), blue whale (Balaenoptera musculus), sei whale 
(Balaenoptera borealis), bowhead whale (Balaena mysticetus) and bryde's whale 
(Balaenopetra edeni) individuals have been observed to associate during reproduction 
and migration, although observational studies suggest that, on average, these 
associations are shot1 tem1ed (maximum of 1-2 days; Bannister 2002). 
The exception is the Humpback whale (Megaloptera novaeangliae; Clapham 
1996). Social behaviour has been observed on humpback whale feeding grounds, where 
groups of individuals have been observed to co-ordinate their movements and to co-
operate with one another during feeding, coming into close physical proximity 
(Clapham 1996; Clapham 2002). These associations have been observed to last for 1-2 
days to 1-2 weeks (Clapham 2002). In addition, males on the breeding grounds form 
groups to compete aggressively for access to females, by tail slashing, ramming and 
head butting (Tyack and Whitehead 1983 ). Furthennore, gray whale (Eschrichtius 
robustus) and right whales (Eubalena glacialis, E. japonica and E. australis) are also 
known to interact on breeding grounds (Bannister 2002). 
4.1.2 Effects of social structure on disease transmission 
Social structure has been shown to affect disease transmission and the 
emergence of epidemics (Murray 1993; Cliff 1995; White et al. 1996; Beardmore and 
White 2001). Studies of wild animal populations have shown a positive correlation 
between population density and pathogen abundance (Semple et a!. 2001 ). 
Studies in wild populations of foxes infected with rabies (Rhabdoviridae) have 
shown that there are two possible extremes. The first case is when viral replication 
occurs in the neocortex and the virus enters the spinal cord (Kaplan 1977; Bacon 1985). 
Infected foxes exhibit photophobia and paralysis, which results in the isolation of the 
individual and subsequent confinement to their den ('dump' rabies; Kaplan 1977; Bacon 
1985). The second case is when the virus replicates in the limbic system (olfactory 
co11ex, amygdala and hippocampus) and infected foxes lose all sense of direction and 
fear, which leads them to roam considerable distances and attack other animals 
('furious' rabies; Kaplan 1977; Bacon 1985). 
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The effects of bovine tuberculosis (M. bovis) on wild populations of badgers 
have been extensively studied in Britain (Cheeseman and Mallison 1982). Infected 
badgers also exhibit two possible extremes. Extensive abscess formations in the lumbar 
region (lowest ribs and pelvis) lead to a very limited movement or paralysis. On the 
other hand, cases were observed where infected badgers displayed loss of orientation 
and fear leading infected individuals to roam randomly, intmding con-specific 
territories and engaging in territorial fights. 
Cheeseman and Mallison (1983) and Murray (1993) have shown that, when 
infected individuals exhibited the symptoms which increase social behavior and 
physical contact, the rate of infection in the population increased considerably. In the 
aforementioned studies, the degree of interaction between groups was shown to 
positively correlate to infection rate (Cheeseman and Mallison 1983; Murray 1993). 
The effects of two main forms of social behavior on disease dynamics have been 
studied in wild animal populations: a) non-interacting social groups and b) interacting 
social groups (Bowers et al. 1997; Beardmore eta!. 2001). Beardmore et al. (2001) and 
Cudeldj et al. (2004) showed that in non-interacting social groups, survival of 
susceptible individuals arises because there is loss of infection (through the deaths of 
infected individuals) before infected and susceptible individuals (or groups) begin to 
interact. Fmihermore, these studies showed that in the social groups which interact, the 
total number of susceptible individuals which survive the infection, is inversely 
propmiional to the between-group contact rate. 
4.1.3 Objectives 
Disease dynamics are affected by the social organization of a given population 
and according to previous investigations, social species are under a higher pathogen 
pressure than less social species (Bowers et al. 1997; Beardmore eta!. 2001; Cudeldj et 
a!. 2004). In addition, cetacean species included in this study exhibit different forms of 
social behavior and differences in between-group contact rate. Chapter 3 showed that 
DQBJ locus variation in cetaceans is under positive selection and involved in the 
immune response. The aims of this chapter are: 
I) To assess the effects of social behaviour in cetaceans on the evolution of 
the MHC DQBJ locus. Due to their well-developed social behaviour, 
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Odontoceti species are expected to be under stronger selection pressure than the 
less social Mysticeti species, as previous studies have shown that pathogen 
densities and transmission in social species is higher than in asocial species 
(Beardmore et a/. 2001 ). This will be assessed through comparison at the sub-
order level. 
II) To use the comparative analysis of different species to assess the effects 
of social structure on the evolution of DQBllocus. Four main forms of social 
structure exist in cetaceans: a) Stable social structure based on kin relationships 
and small groups (e.g. the killer whale), b) unstable social structure based on 
short-te1m associations and large groups (e.g. bottlenose dolphins, finless 
porpoise), c) restricted social structure based on temporary associations during 
foraging and migrating (e.g. humpback whale) and d) no evident social structure 
(e.g. minke whales). Previous studies have shown that the degree of interaction 
between individuals affects disease transmission and infection; as the higher the 
interaction is, the less the number of individuals which survive the infection 
(Beardmore et a!. 200 I). Cetacean species which are known to exhibit high 
between-group contact and fluid society structure are expected to be under 
stronger pathogenic pressure than species which exhibit less between-group 
interaction and stable social structure. 
4.2. RESULTS 
4.2.1 Phylogenetic analysis 
One of the main characteristics of MHC evolution IS trans-species 
polymorphism where ancestral polymorphism is retained in the descendant species (see 
Chapter 1: 1.2.2; Klein 1980; Takahata 1992; Klein et a!. 1998). The result is that 
MHC alleles from one species may be more similar to alleles from different species than 
to other alleles from the same species. This pattem of evolution has been observed in 
several species of vertebrates and it is suggested to be the result of retention of allelic 
lineages by balancing selection (Hughes and Nei 1988, 1989; Wills 1991; Takahata 
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1992; Klein eta/. 1998; Nei et al. 2000). According to the expectations of trans-species 
evolution, alleles which are under higher selection pressure will be preserved for longer 
evolutionary periods (Hughes and Nei 1988, 1989). It was shown in Chapter 3 that the 
evolution of DQBJ in cetaceans exhibits the trans-species evolution pattern. In this 
study phylogenetic analysis is used in order to assess differences in the persistence of 
DQBJ alleles in the two cetacean suborders. 
4.2.1.1 Phylogenetic analysis at the suborder level 
The number of Odontoceti species used in this study represents 30% of extant 
species and the number of the Mysticeti species included in this study represents 40% of 
the extant mysticeti species, however, there is a higher total number of alleles present in 
Odontoceti species. Figures 4.2.1 and 4.2.2 show the Neighbor-Joining tree phylogeny 
of exon 2 DQBJ alleles in Odontoceti and Mysticeti species respectively. The 
proportion of lineages that exhibit trans-species evolution was 57% in Odontoceti and 
13% in Mysticeti phylogeny. There was a significant difference between the 
proportions of lineages showing trans-species evolution in Odontoceti and Mysticeti 
suborders (chi-square value=8.61, p-value=0.003, df=1). 
The trans-species evolution pattern is also observed in the network 
phylogenies constructed by Median-Joining in both the Odontoceti and the Mysticeti 
phylogenies (Figures 4.2.3 and 4.2.4 respectively). The network method phylogeny 
displays alternative evolutionary paths in the form of circles and median vectors denote 
the possible extant un-sampled alleles or extinct ancestral alleles (see Chapter 2: 2.6.2). 
The mutation sites correspond to Figure 3.2.1 consensus numbering. The divergence of 
the alleles in the Odontoceti and Mysticeti species is mainly due to mutations, which are 
located in the ~-sheet and a-helix portions of the protein. 
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Figure 4.2.1: Neighbor-Joining tree of DQBI exon2 sequences of all the Odontoceti 
species included in this study. Tree is based upon 1000 bootstrap replications. Numbers 
in bold font style above branches indicate bootstrap value, numbers below in regular 
style the distances. An asterisk denotes common alleles between T aduncus and T 
truncatus and between B. bonaerensis and B. acutorostrata. 
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Figure 4.2.2: Neighbor-Joining tree of DQBJ exon2 sequences of all the Mysticeti 
species included in this study. Tree is based upon 1000 bootstrap replications. 
Numbers in bold font style above branches indicate bootstrap value, numbers below in 
regular style the distances. An asterisk denotes common alleles between T aduncus 
and T truncatus and between B. bonaerensis and B. acutorostrata. 
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Figure 4.2.3: Median joining network of Odontoceti DQBI alleles included in this 
study. 
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Figure 4.2.4: Median joining network of Mysticeti DQBJ alleles included in this study. 
MIN1 
4.2.1.2 Phylogenetic analysis at the species level 
When polymorphic alleles in the MHC are maintained m a population by 
selection for a long time, allelic divergence occurs by accumulation of mutations 
(Takahata and Nei 1990). The number of median vectors and mutation steps is 
proportional to time; the longer alleles are maintained by selection, the higher the 
number of accumulated mutations (Takahata and Nei 1990). 
Network phylogenies were constructed for N. phocaenidae (Figure 4.2.5), D. 
leucas (Figure 4.2.6), T aduncus (Figure 4.2.7), T truncatus (Figure 4.2.8), 0. orca 
(4.2.9), M novaeangliae (4.2.10), B. acutorostrata (4.2.11) and B. bonaerensis (4.2.12). 
81 
Chapter 4: DQBJ el'Oiurion and /i(e histoll' chamcteristics 
Table 4.2.1 shows the median vector number and average number of mutation steps 
between alleles (see Chapter 2). There is a possible correlation between the number of 
median vectors present and the ratio of non-synonymous to synonyn1ous substitutions 
(w) in PBR (Spearman's r = 0.912, p=0.011) and a negative correlation between the 
number of median vectors present and the rate of synonyn1ous substitutions per 
synonymous site (ds; Spearman's r = -0.853, p=0.031 ). 
Table 4.2.1: Shows the number of Median vectors (MV), average mutation number (f.l) 
estimated by the network phylogeny analysis and dnlds (w) ratio in the PBR sites. 
MV 1:! (!) 
N. phocaenidae 2 1.300 NA 
T. aduncus 7 3.417 31.738 
T. truncatus 7 3.429 29.282 
D.leucas 0 2.200 NA 
0. orca 2 2.444 2.702 
B. acutorostrata 5 3.636 11.241 
B. bonaerensis 5 4.000 12.667 
M.novaeangliae 3 2.727 2.047 
4.2.2 Substitution rate analysis 
Hughes and Nei (1988, 1989) have demonstrated that balancing selection 
enhance the rate of non-synonymous substitutions in MHC. Codons which are under 
positive selection exhibit high rates of non-synonymous over synonymous substitutions 
whilst codons which are not under positive selection exhibit high rates of synonymous 
over non-synonyn1ous substitutions (Lopez de castro eta/. 1982; Hughes and Nei, 1988, 
1989; Wills 1991). In Chapter 3 (Table 3.2.2) it was shown that DQBJ in cetaceans 
exhibits high rates of non-synonymous substitutions suggesting that it is under positive 
selection. Substitution analysis in this study is used in order to assess differences in 
substitution rates between Odontoceti and Mysticeti DQBJ alleles. 
The approximate method of Nei-Gojobori, ( 1986) and the Maximum Likelihood 
method of Yang et a!. (2000) were used in order to estimate the non- synonymous and 
synonymous substitution ratio (w) in DQBJ exon2. Ratios were estimated for the full 
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sequence, the Peptide Binding Region (PBR) and the non Peptide Binding Region 
(nonPBR) of exon-2 for the Odontoceti and Mysticeti species. 
Figure 4.2.5: Median-joining network of P. phocaenoides DQBJ alleles identified in 
the study by Hayashi eta/. (2004). 
=iS7 
Figure 4.2.6: Median-joining network of D. leucas DQBJ alleles identified in the study 
by Murray eta/. (1995). 
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Figure 4.2.7: Median-joining network ofT. aduncus DQBI alleles identified in this 
study. 
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Figure 4.2.8: Median-joining network of T. truncatus DQBI alleles identified in this 
study. 
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Figure 4.2.9: Median-joining network of 0. orca DQBJ alleles identified in this study. 
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Figure 4.2.10: Median-joining network of M. novaeangliae DQBJ alleles identified in 
this study. 
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Figure 4.2.11: Median-joining network of B.acutorostrata DQBJ alleles identified in 
this study. 
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Figure 4.2.12: Median-joining network of B. bonaerensis DQBJ alleles identified in 
this study. 
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The group of six Odontoceti species ( 0. orca, D. leucas, M. monoceros, P. 
macrocephalus, Z. cavirostris and M. steijeneri) denoted as Odontoceti (low) exhibit the 
lowest m ratios among Odontoceti. This group was used in order to determine whether 
observed differences between mysticetes and odontocetes are due to high ratios at the 
species level rather than at suborder level, as the Odontoceti sample size is twice as big 
as the Mysticeti sample size. However, the t-test pairwise comparison shows that there 
is no significant difference between any of the groups; t-values range from 0.03 to 1.54 
and p-values from 0.137 to 0.941 and degrees of freedom (df) were 112 for Full length, 
26 for PBR and 84 for non-PBR. 
Table 4.2.2: Number of synonymous substitutions per synonymous site (ds) and 
number of non-synonymous substitutions per non synonymous site (dn) in the A) full 
length of the exon-2 sequence, B) putative non-PBR and C) putative PBR sites 
respectively, of all the species included in this study. Numbers in brackets indicate 
Standard Error and m is the ratio of non-synonymous to synonymous substitutions. 
FULL PBR non-PBR 
dn ds w dn ds w dn ds w 
Nei-Gojobori 
Odontoceti 0.1168 0.0204 5.725 0.3238 0.0197 16.437 0.0625 0 0536 1.166 
(0.0253) (0.0069) (0.1976) (0.0105) (0.0200) (0.0212) 
Mysticeti 0.0844 0.0381 2.215 0.1976 0.0157 12.586 0.0536 0.0440 1.218 
(0.0233) (0.0160) (0.0651) (0.0159) (0.0212) (0.021 0) 
Odontoceti (low) 0.1073 00309 3.472 0.2609 0.0211 12.365 0.0662 0.0330 2.006 
(0.0242) (0.0106) (0.0807) (0.0122) (0.0217) (0.0135) 
i\IL {Kosako\'sky et 
a/.2004) 
Odontoceti 1.692 0.680 2.489 3.542 0.232 15.277 0.846 1.079 0.784 
Mysticeti 0.848 0.619 1.370 1.468 0.147 10.021 0448 0.679 0.660 
Odontoceti (low) 0.494 0.238 2.068 1.272 0.132 9.638 0407 0.576 0.707 
Substitution analysis was also performed at species level, the m ratios of T. 
truncatus, T aduncus, 0. orca, D. leucas, N. phocaenidae, B. acutorostrata, B. 
bonaerensis and M. novaeangliae were estimated (Table 4.2.3). There was a significant 
difference (after Bonferonni correction a=O.Ol, k=6) at the PBR between T. aduncus 
and M. novaeangliae (t-value=3.03, p-value=0.005, df=26), T. aduncus and 0. orca (t-
value=3.73, p-value=O.OOl, df=26), T. truncatus and M. novaeangliae (t-value= -2.25, 
p-value=0.033, df=26), T truncatus and 0. orca (t-value=-3.68, p-value=O.OOl, df=26), 
B. bonaerensis and M. novaeangliae (t-value=-2.22, p-value=0.035, df=26), B. 
87 
Chapter 4: DOB I evo/lllion and life histon' characteristics 
bonaerensis and 0. orca (t-value=-3.60, p-value=O.OOI, df=26), B. acutorostrata and 
M. novaeangliae (t-value=2.34, p-value=0.021, df=26) and B. acutorostrata and O.orca 
(t-value=-3.0 I, p-value=0.006, df=26). In the full-length comparison, there was no 
significant difference with t-values ranging from 0.03 to 2.08 and p-values from 0.062 
to 0.976 and df=ll2. In addition, in the non-PBR sites comparison there was also no 
significant difference with t-values ranging from 0.12 to 0.98 and p-values from 0.329 
to 0.905. 
Table 4.2.3: Number of synonymous substitutions per synonymous site (ds) and 
number of non-synonymous substih1tions per non synonymous site (dn) in the A) full 
length of the exon-2 sequence, B) putative non-PBR and C) putative PBR sites 
respectively, of the eight focal species. Numbers in brackets indicate Standard Error 
and ro is the ratio of non-synonymous to synonyn10us substitutions. 
FULL PBR non-PBR 
dn ds (l) dn ds (l) dn ds (l) 
Nei-Gojobori 
0. orca 0.0578 0.0254 2.276 0.1078 0.0297 3.630 0.0428 0.0233 1.837 
(0.0184) (0.0162) (0.0520) (0.0317) (0.0185) (0.0184) 
,'vt. novaeang/iae 0.0596 0.0536 0.899 0.0974 0.0296 3.291 0.0432 0.0648 0.667 
(0.021) (0.027) (0.0589) (0.0329) (0.0185) (0.0330) 
N. phocaenoides 0.0401 0 NA 0.0989 0 NA 0.0204 0 NA 
(0.0151) (0.0389) (0.0160) 
B. acutorostrata 0.1176 0.0599 1.963 0.3318 0.0148 22.419 0.0626 0.0733 0.854 
(0.0296) (0.0253) (0.1135) (0.0165) (0.0253) (0 0327) 
B. bonaerensis 0.0870 0.0339 2.566 0.2451 0.0087 28.173 0.0517 0.0402 1.286 
(0.0232) (0.0170) (0.0753) (0.0062) (0.0220) (0.0216) 
T truncatus 0.1122 0.0086 13.047 0.3309 0.0089 37.180 0.0535 0.0083 6.446 
(0.0247) (0.0068) (0.0768) (0.0071) (0.0193) (0.0087) 
T ad1mcus 0.1050 0.0079 13.292 0.2992 0.0050 59.840 0.0519 0.0088 5.898 
(0.0243) (0.0069) (0.0709) (0.0062) (0.0204) (0.0098) 
D. leucas 0.0440 0.0093 4.731 0.1655 0 NA 0.0244 0.0111 2.198 
(0.0171) (0.0090) (0.0612) (0.0 158) (0.0 II 0) 
ML (Kosakovsky et 
al) 
0. orca 1.683 0.951 1.599 2.702 0.843 2.702 I 014 0.985 1.030 
M. novaeangliae 0.927 0.790 1.173 1.519 0.742 2.047 0.365 0.675 0.541 
N. phocaenoidcs 1.294 0 NA 3.634 0 NA 2.987 0 NA 
B. acutorostrata 0.837 0.621 1.350 3.833 0.341 11.241 0.428 0.781 0.549 
B. bonaerei!Sis 0.421 0.279 1.509 2.711 0.214 12.667 0.724 0.564 1.284 
T (rll/lCallls 4.049 0.429 9.438 4.890 0.167 29.282 1.593 0.452 3.525 
T aduncus 5.003 0.624 8.018 3.618 0.114 31.738 0.975 0.343 2.841 
D.leucas 1.403 1.254 2.119 2.560 0 NA 0.462 0.574 0.805 
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4.3 Discussion 
In chapter 3 it was shown that DQBJ exon 2 in cetaceans is under positive 
selection. This was illustrated through trans-species evolutionary patterns (allelic 
persistence) and substitution analysis (Figures 3.2.1, 3.2.2 and 3.2.3 and Table 3.2.2 and 
3.2.3). In this chapter, DQBJ evolution in cetaceans is taken one step further by 
investigating the pattern of evolution in the two cetacean sub-orders, Odontoceti and 
Mysticeti. The main aim of the present study is to assess whether social behaviour 
differences affect selection pressure and the pattem of evolution of MHC DQBJ in 
cetacean species. Previous studies have shown that social species with high population 
densities and high rates of physical contact are under higher pathogenic pressures than 
less social species which exhibit low population densities and low rates of physical 
contact (Bowers et al. 1997; Beardmore et al. 2001; Read and Keeling 2003; Gudelj and 
White 2004). 
According to the first hypothesis, Odontoceti species, which exhibit well-
developed social behavior, will be under higher selection pressure than the less social 
Mysticeti species. Support was found for the first hypothesis, as the proportion of trans-
species lineages present in the Odontoceti Neighbor-Joining phylogeny was 
significantly higher than the proportion of trans-species lineages exhibited by the 
Mysticeti species (Figures 4.2.1 and 4.2.2). However, nucleotide substitution analysis 
demonstrated that there was no significant difference between the ffi ratios of Odontoceti 
and Mysticeti species at the suborder level. 
For the purpose of this study, social structure in cetaceans has been divided into 
four broad categories in order to assess the effect of between-group interaction (social 
behavior) and social structure stability at the species level (see 4.1.3). According to the 
second hypothesis, pathogenic pressures are proportional to the degree of physical 
interaction and unstable social structure, which hypothetically may affect the evolution 
of DQBJ in cetaceans (Gudelj and White 2004). Support was found for the second 
hypothesis. 
The network analysis has shown that there is a positive correlation between the 
number of median vectors and co ratios, an observation which is consistent to the 
expectations of overdominant selection (see Chapter 6 for a detailed discussion). Killer 
whale and humpback whale exhibit the lowest median vector number and also the 
lowest co value in the PBR sites. Furthermore, the results drawn from the sequence 
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analysis from both the approximate method of Nei-Gojobori (1986) and Maximum 
Likelihood method of Yang et a!. (2000) indicate that there was a significant difference 
in the species comparison (Table 4.2.5). T. truncatus and T. aduncus show significantly 
higher w ratios in full length of the sequence and the Peptide Binding Region (PBR) of 
exon-2. This observation supports the hypothesis that unstable social structure based on 
short tenned associations and large groups (T. truncatus and T. aduncus) may be under 
higher pathogenic pressure than a stable social structure based on kin relationships and 
small groups (i.e. killer whale). 
Nevertheless, there is no significant difference between M. novaeangliae and 0. 
orca and both minke whales B. acutorostrata and B. bonaerensis have significantly 
higher w ratio in the PBR than M. novaeangliae and 0. orca. These observations do not 
conform to the expectations of the hypothesis; according to previous studies within 
these species, the most social is 0. orca while M. novaeangliae has been suggested to 
show the most developed social behaviour among Mysticeti species (Clapham 2002; 
Ford 2002). 
Body size (Semple et al., 2002) promiscuity (Nunn et al. 2000; Anderson et al. 
2003) and life span (Van Boven et al. 2003) have been suggested to play a key role in 
disease dynamics (Hempel 2003; Gudelj 2004). For example, it has been suggested that 
in primates large body sizes provide relatively lower surface area to infections than 
smaller body sizes (Semple et a!. 2001 ). In addition, there is a positive correlation 
between higher counts of white blood cell and red blood cell and occurrences of 
multiple partner mating, an observation which is attributed to higher selection pressure 
in promiscuous species (Anderson et al. 2003). Furthermore, it has also been suggested 
that it may be more cost-effective for a species with a short life span to invest in the 
Immune response than a species with a longer life span (Van Boven and Weissing 
2004). 
Differences in body size and life span are also observed in cetacean species. For 
example, finless porpoise is among the smallest of Odontoceti species with an average 
length of 1.5m and average weight of 40kg whilst killer whale is among the largest 
Odontoceti with an average length of 9 meters and average weight of 6 tonnes 
(Carwardine 1995). lvfvsticeti species also exhibit a difference in size, for example B. 
acutotorostrata is among the smallest of lvfvsticeti species with an average length of 9 
meters and average weight of7 tonnes whilst humpback whale is among the largest with 
an average length of 14m and average weight of 30 tonnes (Clapman 2002; Valsecchi et 
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a!. 2002). In addition, it has been observed in cetaceans that there is a correlation 
between body size and life span (Chivers 2002). The approximate average life-span for 
killer whale is 75 years (Ford 2002), for bottlenose dolphins is 30 years (Scott and 
Wells 2002), for finless porpoise is 20 years (Read 2002), for humpback is 70 years 
(Clapham 2002) and for the minke whales is 40 years (Perrin and Brownell 2002). Life 
span and body size have been suggested to affect the evolution of the immune response 
(Lochmiller and Deerenberg 2000; Semple et al. 2001; Zuk and Stoehr 2002; Van 
Boven and Weissing 2004). The results of the present study hypothetically may suggest 
that life span and body size may affect the evolution pattern of the DQBJ locus. The 
significantly low non-synonymous substitution rates in killer whale and humpback 
whale in the PBR sites, may suggest that other life history parameters (such as longevity 
and body size) besides social behavior and social structure may affect the evolution of 
DQBllocus in cetaceans. 
In the majority of Mysticeti species, life history is divided into three phases: 
feeding in high latitudes, mating and calving in low latitudes and an annual migration 
between the feeding grounds and the breeding grounds (Bannister 2002). In the present 
study, humpback whale (M. novaeangliae) samples were taken from the North Pacific 
feeding grounds. North Atlantic humpback whales migrate between the feeding 
grounds in Alaska, California, Bering Sea and western North Pacific and the breeding 
grounds in Hawaii, Mexico and Japan (Clapham 2002). The feeding grounds of the 
common minke whale included in this study (B. acutorostrata), extend to Baffin bay, 
Denn1ark strait and Barents sea while the breeding grounds extend to the Caribbean, 
Straits of Gibralter and North West Africa (Senegal) and in the North Atlantic (Perrin 
and Brownell 2002). In the North Pacific, feeding grounds extend to Bering Sea and 
Chuksi Sea and breeding grounds extend to Mexico, Hawaii and Indonesia (Perrin and 
Brownell 2002). The feeding grounds of the Antarctic minke whale (B. bonaerensis) 
extend to the ice edge in Antarctic and the breeding grounds in the northeastern and 
eastern Australia, western South Africa and northeastern coast of Brazil (Perrin and 
Brownell 2002). The North pacific common minke whale is seasonally sympatric to the 
Antarctic minke whale in the feeding grounds (Perrin and Brownell 2002). 
Studies on the spread of raccoon rabies virus in eastern USA have shown that 
animal dispersal can have a profound effect on disease dynamics, as infected individuals 
spread disease away from the sites of original introduction and disease is maintained in 
the population for longer periods (Wilson eta!. 1997; Russel et al. 2003). The spatially 
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explicit model by Gudelj et a!. (2004) and Gudelj and White (2004) suggests that 
localized infection decreases the number of susceptible individuals locally and hence 
the levels of infection, while animal dispersal spreads disease throughout the population 
and increases the number of susceptible individuals and infection levels. In addition, 
Semple et al. (2002) have shown that primate species which live in habitats and which 
exhibit different environmental conditions (such as temperature) also exhibit differences 
in white blood cells (leucocytes, lymphocytes and platelets). This study suggested 
evolutionary adaptation of the immune response in primates to ecological factors, as 
different habitats also exhibit differences in pathogenic pressures (Stuart and Strier 
1995; Sorci et al. 1997; Semple et al. 2002). 
The two species of minke whales included in this study, exhibited a significantly 
higher ro ratio value in the PBR sites than humpback whale and killer whale. However, 
there is no evident social structure in minke whales and both body size and life span 
parameters are comparable to the killer whale (see above). Studies in terrestrial 
mammals have shown that animal dispersal and habitat differences may affect the 
pathogenic pressures exhibited by a given species (Semple et al. 2002; Russel et a/. 
2003; Gudelj and White 2004). The results of the present study may hypothetically 
suggest that minke whales experience higher pathogenic pressures due to their broad 
worldwide distribution. 
4.3.1 Conclusions 
In Chapter 3, it was shown that exon-2 of class II DQBI locus in cetaceans is 
under positive selection. The general aims of this chapter were: i) to evaluate DQBJ 
evolution pattern at the suborder and species level and ii) to assess whether 
phylogenetic and nucleotide substitution analyses on this locus can provide further 
information on pathogenic pressures differences attributed to life history characteristics. 
Trans-species evolution pattern exhibited by both sub-orders and high rates of 
non-synonymous substitutions both at the sub-order and at the species level provide 
further support to the hypothesis that this locus in cetaceans is under positive selection. 
In addition, the substitution analysis at the species level showed that substitution rates 
among species significantly differ, an observation which might be attributed to 
pathogenic pressure differences, through life history characteristics such as social 
structure and social behavior, body size, longevity and species distribution. 
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Previous studies in tenestrial mammals have shown that these parameters may 
affect pathogenic pressure and the evolution of the immune response (Bowers et a!. 
1997; Beardmore et a/. 2001; Semple et a!. 2002; Anderson et a!. 2003; Read and 
Keeling 2003; Russel et a!. 2003; Gudelj and White 2004). The results of the present 
study may suggest that the evolution of the DQBI locus in cetaceans may be affected by 
life history characteristics. 
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CHAPTER 5: 
DQB1 VARIATION AND POPULATION 
GENETIC STRUCTURE IN CETACEANS 
5.1 INTRODUCTION AND OBJECTIVES 
5.1.1 Population genetics of the six focal cetacean species 
5.1.1.1 Population genetics of the Killer whale (Orcinus orca) 
Killer whale populations can be found across all major oceans in both polar and 
temperate waters and in particular in coastal areas of high productivity (Dahlheim and 
Heyning 1999; Ford 2002; Hoelzel et a!. 2002). The social associations formed by this 
species are very stable and there are regional populations with identified individuals 
which are known to have persisted for decades (Ford et a!. 1998; Ford 2002; Hoelzel et 
a!. 2002). Sympatric populations found in the northeast Pacific differ extensively in 
ecology, genetic structure, behaviour and distribution patterns (Hoelzel and Dover 1991; 
Hoelzel eta!. 1998; Ford and Ellis 1999; Hoelzel eta!. 2002). 
Initially, populations in the northeast Pacific were defined according to 
behavioral and geographical distribution and this resulted in the designation of at least 
three distinct populations: the 'transient' population, which prey on marine mammals, 
the 'resident', which prey on fish and the 'offshores' (Bigg eta!. 1990; Dahlheim and 
Heyning 1999; Ford et a!. 2000). The distribution of these populations appears to 
depend on their feeding habits. Thus residents show a strong seasonal movement 
associated with salmon migration while transients show only a weak seasonal pattern, 
probably due to the fact that their prey is abundant all year round in coastal waters. 
Unfortunately, little is known regarding the dietary and seasonal movement behavior of 
the offshore population (Ford 2002). 
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Killer whales show a dietary specialization among sympatric populations and 
each of the foraging teclmiques include a high level of skills and tactic accomplished 
through trial and error of previous individuals and successful strategies passed across 
the next generation (Ford 2002). The dietary specialization exhibited by the sympatric 
populations in the northeastern Pacific may have resulted to the effective isolation of the 
transients and the residents both socially and reproductively (Ford 2002). It has been 
shown that the resident, the transient and the offshore populations are all genetically 
distinct based on mitochondrial and microsatellite DNA analysis with the offshore being 
more closely related to residents than to transients (Hoelzel et al. 1998; Barrett-Lenard 
2000; Hoelzel et al. 2002). Hence, in the northeastern Pacific, genetic analyses have 
identified at least six populations: Alaskan transients (SEAT), Southeastern Alaska 
residents (SEAR), Southern residents (SR), Northern residents (NR), Californian 
transients (CAL) and Offshore. There are also two resident populations which have 
been identified in the Berring Sea (BER) in North Western Pacific and in Iceland, in the 
North Eastern Atlantic (ICE; Hoelzel et al. unpublished data). 
5.1.1.2. Population genetics of the Bottlenose dolphins Tursiops truucatus 
and Tursiops aduncus 
The bottlenose dolphin is found in all the major oceans, from cold temperate to 
tropical seas, in coastal and offshore waters (Shane et al. 1996; Wells and Scott 2002). 
T. truncatus exhibits habitat differentiation among populations across its range, as 
sympatric or parapatric populations will use the coastal (nearshore) or the pelagic 
(offshore) environment (Hoelzel eta!. 1998; Hoelzel et al. 2002; Natoli et al. 2004). 
Studies on mtDNA and nuclear DNA (microsatellites) have shown that coastal 
and pelagic T. truncatus populations in the western North Atlantic are genetically 
differentiated (Hoelzel et a!. 1998). In addition, in South Indian and South Pacific 
coastal habitats, a smaller morphotype ofT. truncatus has been described as T. aduncus 
(or 'aduncus' forn1). A study on mtDNA by Wang eta/. (1999) demonstrated that the 
T. aduncus coastal populations in China are genetically differentiated from T. truncatus, 
supporting the hypothesis that T. aduncus is a different species. 
Previous population genetic analyses on mtDNA and microsatellites have shown 
that there is genetic differentiation between T. truncatus coastal populations from 
MediteiTanean Sea (MS), South Africa (SAT), Eastern North Atlantic (ENA), Western 
North Atlantic pelagic (WNAP) and Western Notih Atlantic coastal (WNAC) and T. 
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aduncus populations from South Africa (SAA) and Southern China Sea (Hoelzel et al. 
1998; Natoli eta/. 2004). These studies suggested a high level of genetic differentiation 
among regional populations and showed that geographic regions and habitat use may 
affect the population stmcture in the Tursiops genus. 
5.1.1.3 Population genetics of the Minke whales Balaenoptera acutorostrata 
and Balaenoptera bonaerensis 
Minke whales have a worldwide distribution although temporal; observational 
studies suggest that their seasonal migration patterns are between breeding grounds in 
temperate waters and feeding grounds in polar waters in local winter and summer 
respectively (Brownell et a/. 2000; Perrin and Brownell 2002). However, there have 
been observations of individuals in the Antarctic which did not exhibit seasonal 
migration (Perrin and Brownell 2002). The Antarctic Minke whale, B. bonaerensis, is 
found in the southern hemisphere and the Northern Minke whale, B. acutorostrata, in 
the Northern hemisphere (Brownell et a/. 2000). Their seasonal migration patterns keep 
these two main populations apart (Brownell et al. 2000). 
Hoelzel and Dover (1991) studied mtDNA variation in minke whale populations 
from West Greenland, western North Pacific and Antarctic management areas 4 and 5. 
Results of this study suggested that the genetic distance between Antarctic areas IV and 
V was very low, while the genetic distance between West Greenland and North Pacific 
was very high. In addition, high genetic distance was also observed between the 
comparisons of both northern populations to the Antarctic populations. Furthern1ore, a 
study by Wada (1991) suggested that the southern hemisphere minke whales (referred to 
as B. bonaerensis) should be separated from the North Pacific population (referred to as 
B. acutorostrata). 
Van Pijlen et a/. (1995) investigated the genetic structure of populations from 
the North Atlantic (NA), North Pacific (NP) and the Antarctic Oceans (management 
areas 4 and 5). The results from microsatellite and mitochondrial DNA analyses 
showed that the highest levels of genetic distance were observed between B. 
acutorostrata populations fi·om the North Atlantic and. the North Pacific and B. 
bonaerensis populations of Area 4 and 5 from the Antarctic \Van Pijlen et a/. 1995). 
Moreover, the genetic divergence between the North Atlantic and North Pacific 
populations was shown to be significant while there was no significant difference 
between the Antarctic populations. 
96 
Chapter 5: 11-/HC pomdationgenetics 
5.1.2 MHC variation and population genetics 
By using MHC in population studies, one can compare population 
differentiation patterns between neutral markers and functional genes and thus, 
assessing the role of selection and neutrality on genetic diversity and also on MHC 
evolution. Boyce et a!. (1996) examined the variation of DQB 1 and DRB3 loci of class 
ll MHC molecules and three microsatellite loci in bighorn sheep (His canadensis). It 
was shown that mean Fst values for both markers were not significantly different across 
populations of different geographic regions and therefore it was suggested that neutral 
forces such as genetic drift and gene flow influenced differentiation ofMHC loci. 
Landry and Bematchez (2001) showed that in the Atlantic salmon (Salmo salar) 
differences in the environment and geographical scales correlate with significant 
differences in MHC allelic frequencies; however, overall FsT values were not significant 
different from microsatellite loci values. They suggested that, although selection was 
evident in MHC variation in Atlantic salmon, the population structure inferred by MHC 
analysis was shaped mainly due to genetic drift and migration than selection (Klein 
1987). 
5.1.2.1 Functional basis of MHC alleles 
An important application of MHC genetics to population studies is the mapping 
of allelic substitutions on the inferred structural model of the MHC molecule in order to 
detern1ine differences in the actual function of the molecule itself according to local 
selective pressures (Hughes et al. 1996; Ou et a!. 1998; Cohen 2002). For example, the 
study on the effects of pollution to MHC variation in estuarine fish showed that the 
population adapted to severe chemical pollution had specific amino acid substitutions in 
the a-helix portion (Cohen 2002). Furthermore, the fish from the unpolluted area also 
exhibited a significant different pattern in the b-pleated sheet of the PBR (Cohen 2002). 
Functional analysis has also been used in human studies, where human pathologies have 
been correlated to specific amino acid replacement and motif changes in the PBR of the 
MHC molecule among different populations (e.g. Nepom and Erlich 1991; Winchester 
1994; Hill 1998; Ou eta!. 1998; ). 
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5.1.3 Objectives 
Klein ( 198 7) suggested that MHC alleles may experience periods of neutral 
evolution, during which genetic drift and mutation may be more prominent in 
maintaining MHC polymorphism than selection; however, selection occurs when 
populations change habitats and environmental conditions and thus new pathogens. 
Therefore, MHC is exposed to periods of neutral evolution which alternates with 
sporadic events of selection (Klein 1987). Previous studies in MHC population genetics 
on Scandinavian beavers (Ellegren et a/. 1993), bighorn sheep (Boyce et al. 1996), 
Amerindians (Cerna et al. 1993; Valtes et al. 1999), Australian bush rat (Seddon and 
Baverstock 1999) and Atlantic salmon (Landry et a!. 2001) have shown low levels of 
variation, suggesting that the role of selection in these populations may be weak (Cerna 
et a!. 1993; Ellegren et a!. 1993; Valtes et a!. 1999). 
Population genetic studies, using neutral markers on the SIX focal species 
included in this study, have shown that each species exhibits genetically differentiated 
populations. A comparison between populations which occupy different habitats may 
result in MHC genes being under different selection pressure, allowing the possibility to 
assess the role of selection in MHC (Stet and Egberts 1991). The main aims of this 
study are: 
I) To assess the role of selection in shaping variation of the DQBJ locus in 
cetaceans. Previous studies in terrestrial mammals compared the pattern of 
genetic structure at MHC and microsatellites and have shown that MHC 
variation may be affected by neutral evolution. It was shown that the DQBJ 
locus in cetaceans is under positive selection at the order, suborder and species 
level and that it is expected that DQBJ genetic structure at a population level will 
be influenced by selection. In order to test this hypothesis, the population 
genetic structure according to DQBJ locus will be investigated and contrasted to 
the genetic structure inferred from neutral markers (microsatellites). 
II) To evaluate the functional role of this locus among cetacean populations. 
The assessment of DQBl population genetic structure may also indicate 
ecological factors at which the influence of selection is more prominent. For 
example differences in the habitat use of sympatric populations or in 
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geographical regwns or parapatric populations may also affect selection 
pressures. ln order to test this hypothesis, the amino acid substitution pattem and 
nucleotide variation of exon-2 in the DQBJ locus will be assessed in each 
population. 
5.2 RESULTS 
5.2.1 MHC population genetic structure 
5.2.1.1 Allele frequencies 
The allele and frequencies of the DQBJ locus for each of the populations of the 
six focal species were estimated using FSTAT version 2.9.3 (Gaudet 2001). The 
expected allelic frequencies under neutrality were estimated by the Ewens-Watterson-
Slatkin exact test. Statistical significance was estimated by Chi-square test (p<0.05; 
Bonferroni correction; see Chapter 2: 2.6.5). 
B. acutorostrata and B. bonaerensis [Figure 5.2.1 (A,B)] 
ln the four populations of minke whale, allele frequencies do not deviate 
significantly from neutral expectations, range of values for chi-square test were x2=0-
1.27, p-value=0.268-1, df=l. There are two alleles present in the Sea of Japan 
population, Ml and M2. 
0. orca [Figure 5.2.3 (A,B)] 
Allele frequencies do not deviate significantly from neutral expectations in all 
putative populations, range of chi-square test values were x2=0-1.65, p-value=O.l99-l, 
df=l. ln Southem Resident (SR), K3 and K4 display the highest frequencies, whilst K2 
and K4 are not present. 
T aduncus and T truncatus [Figure 5.2.3 (A,B)] 
Allele frequencies are not significantly different from neutrality expectations, 
range of chi-square test values were x2=0-1.77, p-value=0.1836-1, df=l. Allele B4 is 
exclusive in T. aduncus while B6 in T truncatus. 
M. novaeangliae[Figure 5.2.4 (A,B)] 
Allelic frequencies do not deviate from neutrality expectations, the range of chi-
square test values were x2=0-0.59, p-value=0.444-l, df=l. 
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5.2.1.2 Population genetics 
In each population of the species, the allelic richness, gene diversity and Fis 
index (Weir and Cockerham 1984) along with the associated probabilities were 
estimated by FSTAT v. 2.9.3 (Goudet 2001). The Hardy-Weinberg equilibrium indices 
and statistical significance, 
Figure 5.2.1 (A, B): Shows the observed and expected (under neutrality) frequencies of 
the Ml-MlO DQBJ alleles identified in the present study, in B. acutorostrata and B. 
bonaerensis in the North Atlantic (NA), North Pacific (SOJ), Antarctic Area 4 (A4) and 
Area 5 (A5) populations. Observed frequencies are indicated by 0 and expected by E. 
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Figure 5.2.2 (A, B): Shows the observed and expected (under neutrality) frequencies of 
the Kl-K4, K6 and K7 DQBJ alleles identified in the present study, in 0. orca in the 
Southern Residents (SR), South East Alaska Residents (SEAR), South East Alaska 
Transients (SEAT), California (CAL) of the Eastern North Pacific populations and 
Iceland residents (ICE) and Berring Sea resident populations (BER). Observed 
frequencies are indicated by 0 and expected by E. 
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SR SEAR SEAT CAL ICE BER 
0 E 0 E 0 E 0 E 0 E 0 E 
Kl 0.125 0.093 0.306 0.534 0.442 0.647 0.500 0.609 0.174 0.095 0.250 0.119 
K2 0.145 0.064 0.288 0.225 0.233 0.235 0.174 0.039 0.150 0.065 
K3 0.479 0.641 0.258 0.228 0.135 0.091 0.133 0.106 
K4 0.016 0.035 
K6 0.375 0.227 0.258 0.118 0.135 0.036 0.133 0.050 0.348 0.638 0.300 0.575 
K7 0.021 0.039 0.016 0.021 0.304 0.228 0.300 0.241 
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Figure 5.2.3 (A, B): Shows the observed and expected (under neutrality) frequencies of 
the Bl-B8 DQBJ alleles identified in the present study, in T. aduncus and T. truncatus 
in the South Africa T. aduncus (SAA) and in T. truncatus, in South Africa (SAn, 
Eastern North Atlantic (ENA), Mediterranean (MED), Eastern North Pacific (ENP), 
Western North Atlantic Coastal (WNAC) and Western North Atlantic Pelagic (WNAP) 
populations. Observed frequencies are indicated by 0 and expected by E. 
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Figure 5.2.4 (A, B): Shows the observed and expected (under neutrality) frequencies of 
the H1-H8 DQBJ alleles identified in the present study, in M novaeangliae in South 
East Alaska samples (SEA). Observed frequencies are indicated by 0 and expected by 
E. 
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and the Ewens-Watterson neutrality test F values along with Slatkin's P value and Fst 
(Weir and Cockerham 1984) index and Mantel test correlation were estimated by 
ARLEQUIN version 2.000 (Schneider eta/. 2000). The expected (under neutrality) and 
observed values of homozygotes and heterozygotes were estimated by GENEPOP 
version 3.4 (Raymont and Rousset 1995). In addition, comparison among groups of 
samples and the estimation of allelic richness, Ho, Hs, Fis, Fst, Relatedness (Hamilton 
1971) and Corrected Relatedness was performed by FST AT v. 2.9 .3 (Goudet 2001 ). 
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B. acutorostrata and B. bonaerensis (Table 5.2.1 ,i-vi) 
Although there is a difference in the numbers of alleles observed between each 
of the four putative populations of minke whales, one should also consider the 
difference in the sample sizes. The allelic richness index R was estimated in order to 
correct for sample size differences (see Chapter 2). It is suggested that there is a higher 
number of alleles present in B. bonaerensis than in B. acutorostrata and the gene 
diversity index is higher in A4 and AS than in NA and SOJ. 
An excess of heterozygotes is indicated in all populations by the significance of 
the P value between observed and expected heterozygosity (Table 5.2.1-i). However, 
there was no significant difference between the number of expected and observed 
homozygote and heterozygote individuals (x2=0.1-2.07, p-value=0.281-0.835, df=1; 
Table 5.2.1-ii), where the expected values were estimated in accordance to neutrality 
expectations. In addition, Slatkin's P-value of the F values estimated by the Ewens-
Watterson test (Watterson 1978), suggests that none of the four populations are 
significantly different from neutrality expectations. The Fis index value shows that 
there is a higher degree of outbreeding, and consequently heterozygote excess, in the 
SOJ population. 
The highest Fst values result from the pairwise comparison between populations 
of B. acutorostrata and B. bonaeresis, an observation consistent with the previous 
analyses from neutral markers; however, NA and SOJ populations in B. acutorostrata 
and A4 and AS in B. bonaerensis also exhibit high Fst values, ?-values significantly 
bigger than zero at p<0.05 level (Table 5.2.1-iii). A Mantel test matrix correlation 
analysis perfonned between MHC and microsatellite DNA Fst values found no 
significant correlation (r =0.429, p =0.235). 
The among-group of samples comparison between the two species of minke 
whales indicates that allele numbers in B. bonaerensis (R=6) is almost twice as big as in 
B. acutorostrata (R=3). Also the relatedness in B. acutorostrata is higher than in B. 
bonaerensis an observation which is in conflict with the neutral markers analysis, as 
mtDNA and microsatellite analysis suggested no genetic divergence among the 
Antarctic Area VI and V populations (Hoelzel and Dover 1991; Van Pijlen eta!. 1995). 
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Table 5.2.1-i: Shows the sample number (n), the observed allele number (A), allelic 
richness (R), gene diversity (Hs), Hardy-Weinberg expected heterozygosity (He) and 
observed heterozygosisty (Ho) and the associated p-value, the observed and expected F 
value by Ewens-Watterson neutrality test and the associated Slatkin's exact p-value, Fis 
value and associated p-value in the North Atlantic (NA) and North Pacific (SOJ) 
populations of B. acutorostrata and Antarctic Area 4 (A4) and Area 5 (A5) in B. 
bonaerensis populations. 
i) 
NA SOJ AS A4 
n 14 45 33 27 
A 4 2 7 6 
R 4 2 6.202 5.290 
Hs 0.670 0.483 0.770 0.769 
He 0.672 0.621 0.771 0.776 
Ho 0.714 0.711 0.818 0.815 
P-value <0.001 0.002 <0.001 <0.001 
Fewo 0.352 0.520 0.241 0.245 
Fewe 0.474 0.804 0.347 0.381 
P-value (slatkin 's) 0.285 0.085 0.111 0.186 
Fis -0.066 -0.473 -0.062 -0.060 
P-value 0.770 0.998 0.843 0.780 
Table 5.2.1-ii: Shows the number of observed (0) and expected under neutrality (E) 
homozygote and heterozygote individuals in B. acutorostrata and B. bonaerensis. 
i i) 
Homozygotes Heterozygotes 
0 E 0 E 
North Atlantic 4 4.593 10 9.407 
Sea of Japan 13 23.157 32 21.843 
Antarctic AS 6 7.554 27 25.446 
Antarctic A4 5 6.226 22 20.774 
Table 5.2.1-iii: Shows the Fst values of DQBJ alleles (below diagonal) and 
microsatellite alleles (above diagonal) in B. acutorostrata and B. bonaerensis 
populations. 
iii) 
NA 
A4 
AS 
SOJ 
NA 
0.102* 
0.235* 
0.079** 
A4 
0.33* 
0.056** 
0.256* 
AS SOJ 
0.33* 0.19* 
nd 0.24* 
0.24* 
0.381 * 
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Figure 5.2.5: Correlation between the extend of genetic differentiation (Fst) at 
microsatellite (MS) and MHC DQBI locus (MHC) in minke whale populations (NA, 
SOJ, A4 and A5). The R-value represents the correlation coefficient and the P-value the 
statistical significance of Mantel test matrix correlation. 
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Table 5.2.1-vi: Shows the sample number (n), the observed allele number (A), allelic 
richness (R), observed heterozygosity (He), gene diversity (Hs), Fis, Fst, Relatedness 
(Rei) and inbreeding corrected Relatedness (Rei') estimated by the among-group of 
samples comparison between B. acutorostrata and B. bonaerensis. 
vi) 
B. acutorostrata B. bonaerensis 
n 59 60 
A 4 9 
R 3 5.746 
Ho 0.712 0.817 
Hs 0.526 0.770 
Fis -0.354 -0.061 
Fst 0.086 0.057 
Rei 0.226 0. 115 
Rei' 0.523 0.115 
0. orca (Table 5.2.2, i-iv) 
The SEAR population has the highest number of alleles with the allelic richness 
correction (R=5) while all the rest putative populations show a similar number of 
alleles. In gene diversity (Hs), however, the highest values are observed in the BER, 
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SEAR and ICE putative populations whilst SR, SEAT and CAL also suggest elevated 
levels of diversity but at a smaller scale. 
An excess of heterozygotes is observed in all populations, which significantly 
deviate from Hardy-Weinberg expectations, as all P-values are <0.001. There was no 
significant difference between observed and expected under neutrality numbers of 
homozygotes and heterozygotes (x2=0.03-3.13, p-value=0.082-0.858, df=1). 
However, the SEAT and BER populations significantly deviate from neutrality 
according to the Ewens-Watterson neutrality test at 0.05 significance level and the ICE 
populations at the 0.01 significance level, whilst, SR, SEAR and CAL conform to 
neutrality expectations. 
There is no significant difference between the pauwtse companson of 
populations SEAT-CAL, ICE-BER, SEAR-CAL and SEAT-SEAR. Negative values of 
Fst are due to surrounding en·ors in the calculations and are interpreted as zero (Long 
1986; Jaramilo eta!. 2001 ). The population genetic stmcture in Killer whales follows, 
to an extend, the population genetic stmcture obtained by neutral markers studies (see 
Table 5.2.2-iii). However, Mantel test showed no significant con·elation between MHC 
and MS Fst data matrix (r =0.002 p-value =0.486). 
Table 5.2.2-i: Shows the sample number (n), the observed allele number (A), allelic 
richness (R), gene diversity (Hs ), Hardy-Weinberg expected heterozygosity (He) and 
observed heterozygosisty (Ho) and the associated p-value, the observed and expected F 
value by Ewens-Watterson neutrality test and the associated Slatkin's exact p-value, Fis 
value and associated p-value in Southeastern Alaska residents (SEAR), Southern 
residents (SR), Californian transients (CAL), BetTing Sea (BER) in North Western 
Pacific and in Iceland, in the North Eastern Atlantic (ICE) populations. 
i) 
SR SEAR SEAT CAL ICE BER 
n 24 31 26 15 23 10 
A 4 6 4 4 4 4 
R 3.386 4.622 3.950 3.985 3.988 4.000 
Hs 0.624 0.762 0.695 0.676 0.737 0.767 
He 0.701 0.789 0.756 0.743 0.742 0.774 
Ho 0.750 0.871 0.846 0.867 0.957 0.900 
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Fewo 0.386 0.248 0.315 0.340 0.274 0.265 
Fewe 0.518 0.393 0.523 0.478 0.514 0.440 
P-value {slatkin's) 0.358 0.315 0.033** 0.072 0.009* 0.011 ** 
Fis -0.202 -0.143 -0.217 -0.282 -0.298 -0.174 
P-value 0.943 0.953 0.985 0.993 0.998 0.925 
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Table 5.2.2-ii: Shows the number of observed (0) and expected under neutrality (E) 
homozygote and heterozygote individuals in 0. orca populations. 
ii) 
SR 
SEAR 
SEAT 
CAL 
ICE 
BER 
Homozygotes 
0 E 
6 8.958 
4 7.328 
4 7.843 
2 4.759 
I 5.933 
I 2.263 
Heterozygotes 
0 E 
18 15.043 
27 23.672 
22 18.157 
13 10.241 
22 17.067 
9 7.737 
Table 5.2.2-iii: Shows the Fst values of DQBJ alleles (below diagonal) and 
microsatellite alleles (above diagonal) in 0. orca populations. 
iii) 
SR SEAR SEAT CAL ICE BER 
SR 0.061 * 0.122* 0.131 * 0.141 * 0.089* 
SEAR 0.061 * 0.116* 0.168* 0. 154* 0.029* 
SEAT 0.201* 0.029 0.035** 0.145* 0.143* 
CAL 0.207* 0.027 -0.022 0.136* 0.166* 
ICE 0.187* 0.089* 0.128* 0.136* 0.205* 
BER 0.185* 0.063* 0.090* 0.092** -0.031 
Figure 5.2.6: Correlation between the extend of genetic differentiation (Fst) at 
microsatellite (MS) and MHC DQBJ locus (MHC) in killer whale populations (SR, 
SEAR, SEAT, CAL, ICE and BER). The R-value represents the correlation coefficient 
and the P-value the statistical significance of Mantel test matrix correlation. 
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For the purpose of among group comparison, killer whale samples were grouped 
into South East Alaskan residents (SR+SEAR) and transients (SEAT +CAL). All 
groups display high values of heterozygosity and gene diversity. Fst values are 
relatively small where the highest value (0.065) is showed by SR+SEAR. There is a 
significant difference between the Relatedness and Corrected relatedness of 
SEAR+CAL and thus, the corrected relatedness value are considered. 
Table 5.2.2v: Shows the sample number (n), the observed allele number (A), allelic 
richness (R), observed heterozygosity (He), gene diversity (Hs), Fis, Fst, Relatedness 
(Rei) and inbreeding corrected Relatedness (Rei') estimated by the among-group of 
samples comparison between the Eastern North Pacific residents (SR and SEAR) and 
transients (SEAT and CAL) and North Western Pacific and North Eastern Atlantic 
resident (ICE and BER) populations in 0. orca. 
v) 
SR+SEAR SEAT+CAL 
II 55 41 
A 6 4 
R 4.004 3.967 
Ho 0.818 0.854 
Hs 0.702 0.689 
Fis -0.166 -0.240 
Fst 0.064 -0.016 
Rei 0.140 -0.042 
Rei' 0.284 0.387 
T. aduncus and T. truncatus (Table 5.2.3,i-iv) 
The T. aduncus and Meditenanean T. truncatus populations display the highest 
number of alleles; however, allelic richness indicates that there is an excess in allele 
number in T. aduncus. ENA and ENP show the same number whilst the SAT 
population had the lowest value. WNAC shows a slightly bigger number of alleles 
compared to WNAP. All populations exhibit a relatively large value of gene diversity 
with MED and WNAC having the highest values and SAA and SAT the lowest values. 
109 
Chapter 5: MHC population genetics 
Table 5.2.3-i: Shows the sample number (n), the observed allele number (A), allelic 
richness (R), gene diversity (Hs), Hardy-Weinberg expected heterozygosity (He) and 
observed heterozygosisty (Ho) and the associated p-value, the observed and expected F 
value by Ewens-Watterson neutrality test and the associated Slatkin's exact p-value, Fis 
value and associated p-value in T. truncatus populations from MEDaitic (MED), South 
Africa (SA), Eastern North Atlantic (ENA), Eastern North Pacific (ENP), Western 
North Atlantic Pelagic (WNAP) and Western North Atlantic Coastal (WNAC) and T. 
aduncus South Africa population. 
i) 
SAA SAT ENA MED ENP WNAC WNAP 
n 140 10 13 29 10 14 14 
A 7 3 6 7 6 6 5 
R 3.015 3.000 5.485 6.364 6.000 5.975 4.428 
Hs 0.559 0.556 0.718 0.807 0.728 0.857 0.673 
He 0.609 0.568 0.800 0.828 0.737 0.899 0.741 
Ho 0.657 0.800 0.769 0.834 0.800 0.714 0.786 
Pvalue 0.012 0.367 0.076 <0.001 0.011 <0.001 0.059 
Fewo 0.442 0.460 0.308 0.207 0.300 0.179 0.347 
Fewe 0.440 0.559 0.319 0.336 0.293 0.326 0.389 
Pvalue (slatk.in's) 0.887 0.291 0.564 0.012 0.749 0.001 0.540 
Fis -0.175 -0.440 -0.071 -0.026 -0.237 0.167 -0.167 
Pvalue 0.997 1.000 0.777 0.708 0.950 0.149 0.893 
Not all populations show a heterozygote excess, as populations SAT, ENA and 
WNAP are not significantly different from Hardy-Weinberg expectations. WNAC 
population shows a heterozygote deficiency. The observed and expected homozygote 
and heterozygote individual numbers further illustrate this, as observed homozygotes 
are slightly fewer than expected and observed heterozygotes are slightly more than 
expected, with the exception of WNAC. No significant difference between observed 
and expected under neutrality numbers of homozygotes and heterozygotes (x2=0.08-
1.28, p-value=0.258-0.782, df=l). The highest negative Fis value is showed by the 
SAA population while SAA, ENA, MED, ENP and WNAP also suggest an excess in 
heterozygosity. The only positive value is by WNAC, which suggests inbreeding. Tn 
addition, the WNAC population is also the only population, which is significantly 
different from neutrality expectations. 
Fst values between the population pairwise compansons of SAA-SAT-ENP, 
ENA-MED-WNAC and ENP-WNAC are not significantly different; on the contrary, 
the MS data suggest that Fst values for these populations are significantly different 
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(Natoli et a/. 2004). There is no available Fst data for the pairwise comparisons of 
SAA-SA T. There was no significant correlation between the MHC and MS data matrix 
(r =0.059, p =0.398). 
Table 5.2.3-ii: Shows the number of observed (0) and expected under neutrality (E) 
homozygote and heterozygote individuals in T aduncus and T. truncatus populations. 
ii) 
Homozygotes Heterozygotes 
0 E 0 E 
SAA 48 61.642 92 78.358 
SAT 2 4.3I6 8 5.684 
ENA 3 3.640 IO 9.360 
MED 5 5.597 24 23.404 
ENP 2.632 9 7.368 
WNAC 4 2.074 IO Il.926 
WNAP 3 4.5I8 II 9.481 
Table 5.2.3-iii: Shows the Fst values of DQBI alleles (below diagonal) and 
microsatellite alleles (above diagonal) in T aduncus and T truncatus populations. 
iii) 
SAA SAT ENA MED ENP WNAC WNAP 
SAA nd 0.273* 0.293* 0.364* 0.354* 0.260* 
SAT 0.007 nd nd nd nd Nd 
ENA 0.345* 0.292* 0.048** 0.353* 0.367* 0.161** 
MED 0.269* 0.203* <0.001 0.353* 0.196* 0.034* 
ENP 0.001 -0.004 -0.002* 0.116* 0.511 * 0.272* 
WNAC O.I91 * 0.140** 0.181 -0.006 0.050 0.236* 
WNAP 0.378* 0.340* -0.015 0.018** 0.218* 0.081 ** 
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Figure 5.2.7: Shows the correlation between the extend of genetic differentiation (Fst) 
at microsatellite (MS) and MHC DQBJ locus (MHC) in bottlenose dolphins populations 
(SAA, SAT, ENA, MED, ENP, WNAC and WNAP). The R-value represents the 
correlation coefficient and the P-value the statistical significance of Mantel test matrix 
correlation. 
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.o\011.-WN.lf' 
tv..- f!Ur~-~ "":t' 0 .0 • 
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Fst MS 
M novaeangliae (Table 5.2.3,i-v) 
A homozygote excess is observed as Ho is smaller than He and it deviated 
significantly from Hardy-Weinberg equilibrium. However, one should consider the fact 
that samples were collected in South East Alaska where Humpback whales form 
temporary feeding associations and thus, the Wahlund effect is a possible explanation 
for the Hardy-Weinberg deviation observed (Gillespie 1998). In addition, the positive 
value of Fis, may indicate inbreeding. The numbers of observed and expected under 
neutrality homozygote and heterozygote individuals are not significantly different 
(x2=0.05-0.08, p-value=0.783-0.823, df=l). However, neutrality is rejected, as Slatkin' s 
P-value is 0.024. 
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Table 5.2.4-i: Shows the sample number (n), the observed allele number (A), allelic 
richness (R), gene diversity (Hs), Hardy-Weinberg expected heterozygosity (He) and 
observed heterozygosisty (Ho) and the associated p-value, the observed and expected F 
value by Ewens-Watterson neutrality test and the associated Slatkin's exact p-value, Fis 
value and associated p-value in M. novaeangliae southeast Alaska (SEA) samples. 
i) 
SEA 
II 27 
A 8 
R 8 
Hs 0.834 
He 0.837 
Ho 0.778 
Pvalue 0.027 
Fewo 0.182 
Fewe 0.290 
Pvalue (slatkin's) 0.024 
Fis 0.067 
Pvalue 0.310 
Table 5.2.4-ii: Shows the number of observed (0) and expected under neutrality (E) 
homozygote and heterozygote individuals in M. novaeangliae southeast Alaska (SEA) 
samples. 
ii) 
Homozygotes Heterozygotes 
0 E 0 E 
SEA 6 4.509 21 22.491 
5.2.2 Population-specific amino acid substitution patterns and 
structural analysis of DQBJ-PBR 
Association between population-specific polymorphism and structural patterns 
of the PBR region in class II loci and susceptibility or resistance to infectious diseases 
has been suggested in several studies on vertebrates (e.g. Verspoor and Jordan 1989; 
Hill et al. 1991; Boyce eta/. 1997; Sanjeevi eta/. 1999; Landry and Bematchez 2001; 
Cohen 2002). It has been shown, in humans, bovines and fish species that differences in 
selection pressure experienced by different populations may also result in differences in 
the amino acid substitution pattem in class II loci (Hill eta/. 1991; Boyce eta/. 1997; 
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Landry and Bematchez 2001; Cohen 2002). Furthermore, it has been indicated, through 
site-directed mutagenesis in DQ and DR alleles of HLA, that selective peptide binding 
is greatly affected by the charges of Pocket 4 amino acid residues (~70, ~71 and ~74) in 
the PBR, as when the total charge of the pocket changes then different peptides are 
presented by the MHC molecule (Ou et al. 1992; Wecherpfennig and Strominger 1995; 
Hammer et al. 1995). This has resulted in the categorization of MHC alleles into four 
charge types: positive(+), di-charged (+/-),negative(-) and neutral (n; see Chapter 2 for 
charge estimation; Ou et al. 1998). The purpose of the stmcture analysis is to evaluate: 
a) the amino acid substitution patterns among different populations and b) differences in 
the allele charge character among populations. 
5.2.2.1 Population substitution patterns 
The Nei-Gojobori method (MEGA version 2.1; Kumar et al. 2001) was used in 
order to estimate the rates of non-synonymous substitutions in non-synonymous sites 
(dn) and synonymous substitutions in synonymous sites (ds) in the Peptide Binding 
Region (PBR) and the non-Peptide Binding Region (nPBR). 
Populations of B. bonaerensis, B. acutorostrata, 0. orca, T. aduncus, T. 
truncatus and M. novaeangliae (Figures 5.2.8-11 A, B), show co ratios at the PBR 
significantly greater than one. There was no significant difference between any of the 
populations in 0. orca (range of t-values=0-0.62, p-values=0.538-1, df=26-PBR and 
114 for nPBR). In rninke whale populations, Antarctic area 5 population (B. 
bonaerensis) showed a significantly higher co ratio in the PBR sites from the North 
Atlantic (t-value=8.32, p-value=<O.OO l, df=26; Bonferroni correction a=O.O 125) and 
Sea of Japan population (t-value=7.96, p-value=<0.001, df=26, Bonferroni correction 
a=O.Ol25; B. acutorostrata). 
114 
Chapter 5: MHC po/!Ufation genetics 
Figure 5.2.8 (A, B): Shows the rate of synonymous substitutions per synonymous sites 
(ds) and non-synonymous substitutions per non-synonymous sites (dn) in the putative 
Peptide Binding Region (PBR) and the non Peptide Binding Region (nPBR) of the 
DQBJ alleles in each of the B. acutorostrata and B. bonaerensis populations. 
A) 
-----
0,6 
t/) 0,5 4) 
-I! 0,4 1 1• PBRds c PBRdn 0 
.. 0,3 ~ I 
:I OnPBRdsJ ' 
-.. 0,2 J•nPBRdn t/) 
.c 
:I 0,1 en 
0 
NA A4 A5 SOJ 
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B) 
NA A4 AS SOJ 
FULLds 0.059 0.045 0.03 I 0.024 
(0.029 (0.023) (0.018) (0.025) 
FULLdn 0.135 0.108 0.070 0.156 
(0.035) (0.028) (0.021) (0 .047) 
<0 2.288 2.400 2.258 6.500 
PBRds 0.2489 0.166 0.0176 0.1250 
(00711) (0.0464) (0.0112) (0.1388) 
PBRdn 0.3824 0.2944 0.1763 0.5417 
(0.1304) (0.0916) (0.0833) (0.0843) 
<0 1.536 1.773 10.017 4.333 
nPBRds 0.2747 0.1833 0.0385 0.5214 
(0.0847) (0.0407) (0.0190) (0 .1787) 
nPBRdn 0.0987 0.0749 0.0334 0.1059 
(0.0263) (0.0239) (0.0199) (0.0462) 
<0 0.359 0.407 0.867 0.203 
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Figure 5.2.9 (A, B): Shows the rate of synonymous substitutions per synonymous sites 
(ds) and non-synonymous substitutions per non-synonymous sites (dn) in the putative 
Peptide Binding Region (PBR) and the non Peptide Binding (nPBR) region of the 
DQBJ alleles in each of the 0. orca populations. 
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0.0440 0.0352 0.0352 0.0352 0.0529 0.0420 
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0.0989 0.1043 0.1081 0. 1081 0.0973 0. I 177 
(0.0613) (0.0633) (0.0589) (0.0589) (0.0666) (0.0569) 
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(0.0188) (0.0198) (0.0187) (0.0180) (0.0108) (0.0164) 
0.0496 0.0462 0.0459 0.0459 0.0468 0.0442 
(0.0220) (0.0196) (0.0207) (0.0199) (0.0217) (0.0196) 
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Figure 5.2.10 (A, B): Shows the rate of synonymous substitutions per synonymous 
sites (ds) and non-synonymous substitutions per non-synonymous sites (dn) in the 
putative Peptide Binding Region (PBR) and the non Peptide Binding (nPBR) region of 
the DQB alleles in the T aduncus and each of the T truncatus populations. 
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Figure 5.2.11 (A, B): Shows the rate of synonymous substitutions per synonymous 
sites (ds) and non-synonymous substitutions per non-synonymous sites (dn) in the 
putative Peptide Binding Region (PBR) and the non Peptide Binding (nPBR) region of 
the DQBJ alleles in M. novaeangliae South East Alaska samples. 
A) 
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~ 0,02 <.0 5.522 
0 
nPBRds 0.028 
SEA (0.020) 
Population nPBRdn 0.056 
(0.018) 
<.0 2.000 
5.2.2.2 Allele charges among populations 
Alleles in each population of the focal species were categorized into the four 
functional categories previously defined in class II DRBI and DQBJ HLA (Ou eta!. 
1998). In Pocket 4 of the PBR of HLA DRBI locus (where the most extensive studies 
have taken place), 50% of the alleles are classified as di-charged (+I-) , 39% as positive 
(+), 13% as negative(-) and 8% as Neutral (n) (Ou eta!. 1998). In the six cetacean 
species, 36% of the alleles identified in this study are(+/-), 6% are(+), 53% are(-) and 
6% are (n). 
Figure 5.2.12 shows the functional distribution of the alleles present in the B. 
acutorostrata and B. bonaerensis populations. Allele M1 0, which is exclusive to the 
AS population of B. bonaerensis is classified in the(+) group and it is the only positive 
allele present. In addition, all populations show a higher number of (-) alleles than ( + ), 
however, they are not significantly different. No neutral alleles are present. 
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Figure 5.2.13 shows the functional distribution of the alleles present in the 0. 
orca populations. There are no neutral alleles present. In populations ICE and BER 
there were no(+/-) alleles present and(-) alleles were the highest number observed. 
Figure 5 .2.14 shows the functional distribution of the alleles present in T 
aduncus and T truncatus populations. There are no ( +) alleles present in the SAA and 
SAT populations. In addition, no (-) alleles are present in SAT. No neutral alleles are 
present. 
Figure 5 .2.15 shows the functional distribution of the alleles present in the M 
novaeangliae population. There are no ( +) alleles present; neutral alleles in this study 
were observed only in this focal species. In fact, the allelic proportions were 70% 
negative, 6% di-charged and 24% neutral. 
Figure 5.2.12 (A, B): Shows the categorization of the DQB alleles Ml-MlO identified 
in this study based on the total charge of Pocket 4 amino acid residues (~70, ~71 and 
~74) in each of the population in B. acutorostrata and B. bonaerensis. 
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Figure 5.2.13 (A, B): Shows the categorization of the DQB alleles Ml-Ml 0 identified 
in this study based on the total charge of Pocket 4 amino acid residues (~70, ~71 and 
~74) in each of the population in 0. orca. 
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Figure 5.2.14 (A, B): Shows the categorization of the DQB alleles Ml-MIO identified 
in this study based on the total charge of Pocket 4 amino acid residues (~70, ~71 and 
~74) in each of the population in T aduncus and T truncates. 
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Figure 5.2.15 (A, B): Shows the categorization of the DQB alleles M1-M10 identified 
in this study based on the total charge of Pocket 4 amino acid residues (p70, ~71 and 
~74) in M novaeangliae. 
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Chapters 3 and 4 showed high rates of non-synonymous substitutions in 
the Peptide Binding Region (PBR) for each of the studied species, which indicates that 
selection has increased diversity at sites that are involved in antigen presentation. This 
is confirmed at the population level, as all populations show a significantly higher rate 
of non-synonymous substitutions to synonymous in the PBR compared to the non-PBR. 
In addition, 89% of the populations sampled had significantly higher heterozygocity 
than expected under Hardy-Weinberg equilibrium, an observation consistent with the 
expectations of balancing selection and/ or heterosis. It has been shown by Penn et a!. 
(2002) and Kurtz et al. (2004) that heterozygotes may have a selective advantage when 
under multiple pathogen infection and heterozygote excess in MHC has been attributed 
to heterozygote superiority. However, although in this study homozygote deficiency 
was observed in the majority of the population, the homozygosity levels were not 
significantly lower than the levels inferred by neutrality, with the exception of the 
Mediterranean and Western North Atlantic Coastal population in T truncatus, M 
novaeangliae and the South Eastern Alaska Transient, Icelandic and the Berring Sea 
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populations in 0. orca. In these populations, neutrality was rejected by the Ewens-
Watterson neutrality test. This result has also been observed in human populations 
where in a study perfonned by Valdes et al. ( 1999) in HLA DQB 1, neutrality was 
rejected in 9 populations out of 20, and a similar pattern has been observed in class II 
loci. This observation has been attributed to directional selection of single favored 
alleles rather than balancing selection (Sanchez-Mazas eta!. 2000; Meyer and Thomson 
2001). In addition, the Ewens-Watterson test is suggested to be not very powerful when 
the number of alleles in the sample is relatively small, thus failure to reject neutrality 
cannot rule out that selection is taking place (Fernandez-Vina et al. 1997; Meyer and 
Thomson 2001). 
MHC selection, and thus evolution, can take place, both, at very long and 
relatively short time scales, depending on population genetic parameters such as 
migration and isolation (e.g. Klein 1986; Wills 1991; Garrigan and Hedrick 2003). For 
example, the trans-species pattern (Klein 1989) is the result of long time-scale evolution 
(Klein et al. 1998). Local variation in alleles, such as those which confer protection to 
severe malaria in African populations, are the result of short time scale evolution (Hill 
eta!. 1991; De-Campos Lima et al. 1993). Therefore, it has been suggested that allelic 
variation and frequency differences may reflect the pattern of antigenic stressors in local 
environments (Meyer and Thomson 2001). According to the Fst analysis performed in 
this study, there is population differentiation inferred by DQBJ locus population 
genetics, an observation which may indicate differences in the antigenic stressors 
experienced by each population. In addition, the data matrix inferred by the Fst analysis 
in B. acutorostrata, B. bonaerensis, T. aduncus, T. truncatus and 0. orca is significantly 
different from the data matrix inferred by microsatellite DNA analyses, consistent with 
expectations that population differentiation at the DQBJ locus would be shaped by 
selection as well as genetic drift and migration. However, it should be noted that small 
sample sizes greatly affect allelic frequencies and Fst values accordingly (Long 1986; 
Jaramillo et al. 2001). 
B. acutorostrata and B. bonaerensis 
Studies on neutral markers indicate that samples taken from Antarctic 
management Area 4 (A4) and Antarctic management Area S (AS) putative populations 
where not significantly differentiated (VanPijlen eta!. 199S). However, my study using 
DQBJ locus does show a significant difference (p<O.OS) between A4 and AS 
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populations. This may be attributed to the fact that the microsatellite study was based 
on relatively small number of microsatellite loci ( 6) and sample size (24 and 21 in A4 
and AS respectively) and therefore there was low power. In addition, charge analysis 
showed that allele M10 which is exclusive in the AS population is also the only 
positively charged allele present in the samples included in the present study. However, 
the main observation of the MHC population genetics analysis is the low number of 
alleles (R=3; Table S.2.1-iv) present in B. acutorostrata. 
Whaling operations still take place on both species of minke whales and 
although population stocks are considered to be in a far better condition than the rest of 
baleen whales, there are concerns regarding the population status and the effects of 
continued whaling. In B. acutorostrata, in particular, the Sea of Japan population was 
protected under IWC regulations in 1987 due to considerable depletion. In late 1994, 
Japanese whaling began again in the North Pacific with a nationally established limit of 
100 animals annually. Studies in mammalian species which have gone through a 
significant genetic variation reduction (bottleneck effect) show small numbers of DQBJ 
alleles (Ellegren eta!. 1993; Mikko and Andersson 199S; Hoelzel et al. 1999; VanDer 
Valt eta!. 2001). The small number of DQBJ alleles present may suggest that the Sea 
of Japan population is significantly depleted. However, further research is required in 
order for any conclusions to be drawn. 
0. orca 
The sympatric populations of killer whales in the North Eastern Pacific have 
been categorized according to their dietary and seasonal movement to either Residents 
or Transients (see S.1.2.1 ). Residents show strong seasonal movement according to the 
coastal migration of salmon, as they feed primarily on salmon species and also on a 
variety of non-salmonid fish species (Ford et a!. 1998; Ford 2002); nevertheless, 
interaction does occur as residents have been reported to kill porpoises and seals on rare 
occasions. Transients show a very restricted seasonal movement and feed on marine 
mammal species, such as harbor seals, Steller sea lions, Califomia sea lions, Dall 's 
porpoises, Pacific white-sided dolphins (Ford and Ellis 1999). 
The MHC Fst values follow to an extend the differentiation pattern observed in 
microsatellite analysis where the Southern Residents (SR), South East Alaskan 
Residents (SEAR), South East Alaskan Transients (SEAT) and California (CAL) North 
Eastern Pacific populations are significantly different from the North Eastern Atlantic 
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(ICE) and North Western Pacific (BER) populations. However, according to the MHC 
analysis, the Fst values of SEAR and SEAT (0.029) SEAR and CAL (0.027) SEAT and 
CAL (-0.022) and ICE and BER ( -0.031) are not significantly different. 
According to microsatellite DNA, residents and transients in North Easten 
Pacific and the resident populations in the North Eastern Atlantic and North Western 
Pacific are genetically distinct. However, this in not supported by the MHC analysis. 
One of the main characteristics of MHC evolution is the persistence of alleles and allelic 
frequencies through evolutionary time and through balancing selection and heterosis 
(e.g. Klein 1986; Wills 1992; Garrigan and Hedrick 2003). Therefore, in transient and 
resident populations, alleles may have persisted predating the divergence between these 
two sympatric populations. Selection on DQB 1 alleles may have also maintained the 
allelic frequencies observed and this may indicate that resident and transients are 
exposed to similar antigenic stressors and due to this, MHC Fst values show no 
differentiation in DQBJ alleles. However, the Southern resident population (SR) of 
North Eastern Pacific is significantly different from SEAR, SEAT and CAL an 
observation which is inconsistent to the expectations of the above hypothetical 
interpretation. 
The Southern Resident population size was estimated to 89 individuals in 1998 
(Braid 200 I) and is one of the most studied populations in killer whales. The last three 
years the population size has declined by 10% due to an increased level of mortalities, 
particularly of adult females. A constantly decreasing population size can have an 
affect on the estimation of the Fst value (Gillspie 1998), therefore, this may suggest a 
possible reason for the population differentiation of SR to SEAR, SEAT and CAL. 
T aduncus and T. truncatus 
The population structure inferred by MHC in bottlenose dolphins may also be 
attributed to DQBJ allelic persistence through evolutionary time due to selection. There 
is no significant difference between the South Africa populations ofT aduncus (SAA) 
and T truncatus (SAT) and the Eastern North Pacific T truncatus population (ENP), 
although the small sample size of SAT (n=10) should be noted. Fmiher to T truncatus 
populations, the Eastem North Atlantic (ENA) population is not significantly different 
to the Meditenanean (MED), Westem North Atlantic Coastal (WNAC) and Pelagic 
(WNAP) populations. However, MED is significantly different to the WNAP and not 
to WNAC. Eastern Nmih Pacific (ENP) population is not significantly different to 
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WNAC. ln addition, W ANC and WNAP populations are significantly different (0.081) 
according to microsatellite data expectations. 
In the Western Atlantic there are two parapatric T trzmcatus morphotypes 
classified as coastal and pelagic, as comparisons between these two populations at both 
nuclear and mitochondrial DNA markers indicated a distinct genetic differentiation 
(Hoelzel et al. 1998). Parasite load, feeding habits and body size also differentiate 
between these two populations, as the pelagic morphotype is relatively smaller, feeds on 
coastal fish species and presents a significant higher parasite load, whilst the pelagic 
form is larger and feeds on pelagic fish species (Mead and Potter 1995; Hoelzel et al. 
1998). The level of genetic variation observed in the coastal form is significantly less 
than the level observed in the pelagic, an observation which has been attributed to a 
founder event originating from the larger pelagic population (Hoelzel et al. 1998). 
However, according to DQBJ locus, there is a higher number of alleles present in the 
coastal population than in the pelagic population, an observation which may be 
attributed to differences in parasite load. In addition, coastal environments are rich in 
human pathogenic organisms (see review by Griffin et al. 2003) and hypothetically the 
coastal population is under higher pathogenic pressures than the pelagic population, 
although further research is required in order for any conclusions to be drawn. 
5.3.1 Functional categorization of population-specific DQBJ alleles 
Recent elucidation of the molecular structure of MHC class Il loci has identified 
subregions (pockets) within the Peptide Binding Region (PBR), which greatly affect the 
binding and therefore the presentation and recognition of a given antigen by T -cells. 
These pockets may determine to a great extend which antigens will be recognized and 
which will not (Stem et al. 1994; Fu et al. 1995; Ou et al. 1996). There are six 
subregions in total (Pockets 4-9); however, the amino acid residues of Pocket 4 at the 
positions ~70, ~71 and ~74 (located in the DQB chain) are suggested to be of significant 
importance (Ou et al. 1998) as their topology is such that they protrude above the plane 
of the PBR and thus coming to direct contact to the T-cell receptor (TCR; Stem et al. 
1994). These residues are among the most polymorphic residues of the PBR (Stem et 
al. 1994) and this is also observed in the cetacean alleles identified in this study (Figure 
3 .2.1 ). The amino acid side chain charges are key influence parameters for the 
interaction between TCR, antigen and MHC molecule (Ou eta!. 1998). 
125 
Chapter 5: MIJC population genetics 
Hill eta/. (1991) showed that class I B*53 and class II DRBJ*l302 alleles are 
over-represented in individuals who are resistant to severe malaria and that also these 
alleles are significantly more frequent among the west African population than other 
racial groups. The west African population is exposed to malaria parasite (Hill et al. 
1991). In addition, De Campos-Lima eta/. (1993) have shown that a mutant strain of 
Epstein-Barr virus is associated to populations with high frequencies of class I A 11 
allele where it escapes presentation, while the wild type strain which is effectively 
presented by A 11 allele, is found in populations where this allele is rare. Both of these 
studies suggested that pathogen driven selection shapes MHC polymorphism (Hill et al. 
1991; De Campos-Lima et a!. 1993; Meyer and Thomson 2001 ). 
In the six focal species of cetaceans, the total charge of each of the allele was 
estimated and alleles were categorized into the four functional groups of positive ( + ), 
negative(-), di-charged (+/-)and neutral (n) charge accordingly (see Chapter 2: 2.6.1.4). 
The pattern of total charge distribution in the populations follows the population 
differentiation pattern according to MHC Fst analysis (see Figures 5.2.1-5.2.4, Tables 
5.2.1-5.2.4(iii) and Figures 5.2.5-5.2.8). Support for the role of selection in DQBJ 
genetic differentiation is invoked due to the fact that Fst DQBJ analysis does not 
correlate to the one inferred by microsatellite DNA. In addition, the results from the 
nucleotide substitution analysis showed that B. bonaerensis population of AS had 
significantly higher rates of non-synonymous substitutions than both populations of B. 
acutorostrata. Furthermore, the M10 allele, which is exclusive to the A5 population, is 
the only 'positively' charged allele identified in this study in minke whale populations. 
Differential selection across habitats may result in habitat specific allelic composition at 
the DQBJ locus in cetaceans (Cohen 2002). 
5.3.2 Conclusions 
The population genetic analysis of the MHC DQBJ locus provides further 
support to the hypothesis that MHC DQBJ variation in cetacean species is maintained 
by selection and this locus is involved in cetacean immune response. This results from 
the deviations from Hardy-Weinberg equilibrium and heterozygote excess (high 
negative values of Fis) at population level, from Fst values, which are significant 
different to the values obtained by neutral markers (such as nuclear and mitochondrion 
DNA) and also from the structural analysis of the PBR region which follows the high 
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polymorphism at Pocket 4 amino acid residues pattern derived from human class II loci. 
In addition, this analysis may offer an advantage over the allelic frequency methods 
used in the population genetics analyses in its ability to suggest a functional relation 
between allele frequencies and environmental stressors. The study of MHC variation at 
a population level can be very infom1ative for wildlife populations, not only for the 
purpose of how selection maintains variation in MHC but for the identification of 
population-specific environmental stressors which may have an implication in the 
conservation and management of wild populations. 
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CHAPTER6: 
GENERAL DISCUSSION 
6.1 Evolution of the DQBJlocus in cetaceans 
The core hypothesis of the present study was that diversity in exon-2 MHC 
DQBJ locus in cetaceans is generated and maintained by selection, through the marine 
pathogen environment. Previous studies in cetaceans suggested low levels of variation 
in DQBJ locus (Trowsdale eta!. 1989; Murray et al. 1995; 1998). However this study 
indicates that variation in this locus in cetaceans is comparable to terrestrial mammals. 
Combinations of phylogenetic and genetic analyses were used in order to assess the role 
of selection at the order, suborder, species and population level in an extensive sample 
of cetacean species. The hypothesis is supported at all different levels. 
The polymorphism in the DQBI locus in cetaceans is consistent with established 
characteristics of MHC variation (e.g. Klein and Sato 1998; Meyers and Thompson 
2000; Garrigan and Hedrick 2003). Allelic sequences identified in this study proved to 
be highly divergent with most nucleotide substitutions being non-synonymous (Chapter 
3). Analyses in the order (Chapter 3), suborder (Chapter 4), species (Chapter 4) and 
population (Chapter 5) level showed that variable amino acids were predominantly at or 
near positions known to be of a functional importance in the DQBI (PBR sites). The 
phylogeny of the cetacean alleles at the order and suborder level attests to the trans-
species evolution pattern of MHC polymorphism. Population significant departures 
from the expectations of the Hardy-Weinberg equilibrium and population differentiation 
(Fst analysis) according to DQBJ locus support selection at the population level. There 
are three fom1s of balancing selection which have been invoked from previous studies 
on MHC polymorphism in terrestrial mammals: overdominant, frequency dependent 
and fluctuating selection. I suggest that these selection forms can also be invoked from 
the results of the present study for the following reasons. 
The genetic structure of pathogen populations IS shaped by recombination, 
mutation, competition from other pathogens and the immune system of the host 
(Hedrick et a!. 1991 ). This determines the antigenic diversity. The same applies to 
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MHC genes as the immune response of the host has to evolve in order to respond to 
pathogen evolution. Thus MHC variation is maintained and determined through 
pathogen interaction. 
Several studies have shown that there is an association between certain MHC 
alleles and specific pathogens, which supports the notion of direct selection on MHC 
alleles by pathogens (Hill eta!. 1995; Thurz et al. 1995; Paterson eta!. 1998; Godot et 
a!. 2000; Langefors et a!. 2001). The population diversity of MHC molecules is 
extremely large and certain HLA loci can have hundreds of alleles (Meyer and 
Thompson 2001 ). Due to the high degree of polymorphism, pathogens which escape 
presentation by one host may not in another. Thus, a heterozygous host will have an 
advantage over a homozygous, as it will be able to present a greater array of peptides 
(Doherty and Zinkemagel 1975; Klein 1986; Hughes and Nei 1988, 1989). 
In Chapter 3, Chapter 4 and Chapter 5, it was shown that the ratio of non-
synonymous to synonymous substitutions (dn/ds) in PBR is significantly higher than 
one and significantly higher than the non-PBR sites, supporting the expectations of 
balancing selection (Hughes and Nei 1988, 1989; Takahata and Nei 1 990). 
Furthermore, the proportion of trans-species lineages observed in the phylogeny of 
DQBJ alleles confom1s with the expectations of balancing selection (Takahata and Nei 
1990; Takahata et a!. 1 992). In Chapter 4, it was observed that there is a positive 
correlation between the number of median vectors (which denote extant unsampled 
alleles or extinct alleles; see Chapter 2: 2.6.2.5) and the dn/ds ratio value in the eight 
focal species (see Table 4.2 for statistic values). This observation provides further 
support for balancing selection in cetacean DQBJ, as Takahata et a!. ( 1992) 
demonstrated that there is a correlation between the allele number and the substitution 
differences in PBR. 
Heterozygote advantage (overdominant selection) is one of the main selection 
mechanisms proposed to explain the high observed level polymorphism in the MHC. 
The simplest fonn of overdominant selection is referred to as symmetric overdominance 
which assumes that all heterozygotes have higher and equal fitness while homozygotes 
have lower and equal fitness values (Lewontin et a!. 1978). Kimura and Crow ( 1964) 
and Maruyama and Nei ( 1981) showed that overdominant selection increases the 
proportion of heterozygotes, heterozygosity and mean number of alleles at a given locus 
an observation which is consistent with the observed high levels of polymorphism in the 
MHC. 
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In several human populations, such as Saharan Africans, South American 
Amerindians and North American Amerindians, the frequency of homozygotes is 
significantly lower than that according to Hardy-Weinberg expectations, an observation 
attributed to overdominant selection (Degas et al. 1974; Black and Salzano 1981; 
Markow et a!. 1993). This is also observed in Chapter 5, where 78% of the cetacean 
populations studied, deviated significantly from Hardy-Weinberg expectations and 
exhibit a homozygote deficiency, according to expectations of overdominant selection. 
Furthermore, Takahata et a/. (1992) demonstrated that polymorphism generated by 
overdominant selection requires that new alleles are introduced into the population over 
time, allowing new fitness arrays to be created. This evolution pattern was observed in 
the network phylogenies of Odontoceti and Mysticeti species, as the torso of the 
network phylogeny comprises a high number of median vectors, which hypothetically 
supports the expectation of overdominant selection (Takahata et al. 1992). 
However, the allelic frequencies observed in the population analyses do not 
exhibit an even distribution according to overdominant selection expectations (Figures 
5.2.1~5.2.4; Meyer and Thompson 2001). Figure 6.1.1 A and B show the allelic 
frequencies distribution of DQBJ locus in two human populations, the Brazilian Toba 
(Cerna et al. 1993) and the African Oromo (Fort eta/. 1998). In the Oromo population, 
allelic frequencies significantly depart form neutrality expectations exhibiting an even 
distribution (consistent with balancing selection expectations). In the Toba population 
the allelic frequencies do not refute neutrality and therefore do not confonn to the even 
distribution expectations ofbalancing selection (Cerna et al. 1993; Meyer and Thomson 
2001 ). The cetacean populations also do not refute neutrality and allelic frequencies are 
not distributed evenly (Figure 6.1.1 C-H). 
Although the significance of overdominant selection mechanism is undisputed, 
studies on MHC polymorphism have argued that this selection mechanism solely cannot 
justify the observed polymorphism exhibited by MHC (Lewontin eta/. 1978; Aoki et al. 
1980; Parham et a!. 1989; Lawlor et al. 1990; Wills 1991 ). Frequency dependent 
selection (host-pathogen co-evolution) has also been invoked in order to explain MHC 
polymorphism. 
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Figure 6.1.1 (A-H): Shows the allelic frequency distribution in the Mrican Oromo 
(Fort et a/. 1997) and the Ameridian Toba (Cerna et a/. 1993) and in the six focal 
cetacean species included in the present study. 
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Under frequency dependent selection, fitness values are not fixed but change in 
proportion to allelic frequencies (Meyer and Thomson 2001). For example, pathogen 
mutations, which escape presentation by frequent alleles, will be promoted by selection 
and the fitness of these alleles will decrease. However, the frequency of rare or novel 
alleles in the population will increase, since few pathogens have been exposed and 
adapted to. Furthennore, once the pathogens adapt to the rare or novel alleles, the 
fitness will decline, as pathogens adapting to these will be favored. This will lead into 
allele frequencies fluctuating over time as pathogens adapt to them. Trematode parasite 
in wild populations of snails has been shown to be under frequency-dependent selection, 
as it was demonstrated that the parasite adapted to be most virulent in the dominant 
genotype of the host (Dybdahl and Lively 1998; Lively and Dybdahl 2000). In addition, 
HIV -1 virus in humans reaches a higher viral load in individuals with common MHC 
molecules (Trachtenberg et al. 2003). 
De Boer et al. (2004) argued that in order for overdominant selection to account 
for the observed high levels of polymorphism in MHC, different alleles have to confer 
very similar fitness, an expectation which is not supported by experimental data 
(Carrington eta!. 1999, Jeffery et al. 2000; Penn et al. 2002; Acevedo-Whitehouse et al. 
2003). Borghans et al. (2004) developed a computer simulation of coevolving hosts and 
pathogens and demonstrated that overdominant selection per se is not sufficient to 
explain the high level of polymorphism in MHC whilst frequency dependent selection, 
through host-pathogen coevolution, supports realistic MHC polymorphisms. 
In the present study, the distribution of allelic frequencies observed m the 
population analysis may indicate frequency-dependent selection, smce their 
distributions differ within and among populations (Chapter 5). According to the 
expectations of this type of selection, the allelic frequency fluctuates over time as 
pathogens adapt to the most frequent alleles (Takahata and Nei 1990; Meyer and 
Thomson 2001 ). In addition, a study on great reed warblers (Acrocephalus 
arundinaceus) by Westerdahl eta/. (2004) suggested that MHC allele frequencies might 
be explained by fluctuating selection. 
In fluctuating selection, the fitness of the population changes according to the 
frequency of the pathogens whilst in frequency-dependent selection the fitness of the 
population changes according to the frequency of the alleles (Hedrick et al. 1987; Meyer 
and Thomson 2001 ). Fluctuating selection has been suggested as an explanation of 
different allele frequencies among populations of the same species and has been shown 
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to create more variation in MHC alleles than in neutral alleles (Chapter 5 Discussion; 
Westerdahl et al. 2004). 
MHC heterozygosity has been shown to correlate negatively with disease in 
HIV -infected patients (Carrington et a!. 1999), with HTLV -1 infection in humans 
(Jeffery et a!. 2000) and with infectious diseases in Californian sea lions (Zalophus 
califomianus; Acevedo-Whitehouse et al. 2003). It has been shown that in eight natural 
populations of three-spined sticklebacks (Gasterosteus aculeatus L.), individuals which 
present a high number of MHC alleles were less susceptible to induced pathogens 
(Kurtz et al. 2004). McClelland et al. 2002 were the first to experimentally show that 
mice that were heterozygous at MHC loci were superior to either homozytes upon 
infection with multiple pathogens. However, Borghans et al. (2004) suggested that 
MHC polymorphism is the result of the dynamic equilibrium between overdominant 
selection and frequency dependent selection through host-pathogen co-evolution. The 
observed polymorphism of the DQBJ locus in cetaceans may also be interpreted 
according to the expectations of these selective forces. 
The role of selection in generating DQBJ diversity m cetaceans was also 
assessed through the environmental context. The results of the present study also 
provide support for the hypotheses that differences in environmental parameters, such as 
social behavior, social structure and habitat differentiation, may affect pathogen 
selection pressures. In Chapter 4, it was shown that the rates of non-synonyn10us 
substitutions among different cetacean species were significantly different and in 
Chapter 5 it was shown that population differentiation according to DQB 1 was 
significantly different than that of microsatellite DNA. Furthermore, populations from 
different habitats and geographical regions exhibited differential distribution of alleles 
and allelic frequencies (see Chapter 5). Previous studies have suggested that differences 
in selection pressure result in population-specific MHC variation through balancing 
selection (see Chapter 5; Hill 1998; Landry and Bernatchez 2001; Hedrick 2002; Cohen 
2003). 
6.2 Limitations of the present study and recommendations for 
future research 
There are three mam limitations which are found in my study: i) MHC 
polyn10rphism evaluation was based on the analysis of the Peptide Binding Region of 
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class II exon-2 DQBJ locus, ii) the sample size of Mysticeti species was relatively 
smaller than Odontoceti species (Chapter 4) and iii) 44% of the cetacean populations 
studied were comprised of 10-15 individuals (Chapter 5). 
For the purpose of this study, genetic analyses were focused on exon-2 of DQBJ 
locus, which codes for the PBR of the MHC molecule. The reasons for choosing DQBJ 
locus are mentioned in Chapter 1, however, future analyses of further class II and class I 
genes would likely provide useful corroborating data. 
The general aim of my study was to provide a further insight into the evolution 
and function of an MHC gene in cetaceans, in order to evaluate whether the marine 
environment has affected the immune response through MHC polymorphism. An 
extension of the present study could perhaps include a higher number of class I and 
class II MHC loci, including an assessment of nucleotide diversity in exons and introns. 
Previous studies in humans have shown that there is a wide range of correlation 
between different loci and different racial groups and between different allelic 
frequencies and different populations, a fact that has been suggested to be the result of 
different selection pressures (Wills 1991 ). In addition, Sanchez-Mazas et al. (2000) 
have shown that all loci within the class II region (with the exception of DPB 1) in a 
sample of 100 French individuals are in linkage disequilibrium with each other, an 
observation which has been attributed to selection (Sanchez-Mazas et al. 2000). 
Class I loci have been identified in pinnipeds (Bowen et al. 2003) and cetaceans 
(Rodrigez et al. 1999) suggesting that class I molecules are also involved in marine 
mammal immune response (Rodrigez eta!. 1999; Romano eta!. 2001). An assessment 
of MHC polymorphism in class I molecules in cetaceans could provide further 
infmmation on MHC evolution and antigen presentation in cetaceans. 
The sample size of Mysticeti species included in this study was relatively small 
compared to Odontoceti species, which resulted in a higher number of alleles present in 
the Odontoceti sample. This may have an affect on the comparison of trans-species 
lineages and nucleotide substitution patterns between Odontoceti and Mysticeti. 
The present study suggested that different populations exhibit differences m 
allele frequencies and substitution pattems (Chapter 5). However, a relatively small 
sample size may affect allelic distribution and their frequencies (Sakal and Rohlf 1995). 
Future work should include a more extensive sample size of different populations and 
also populations of different species of cetaceans which share the same habitat in order 
to evaluate possible differences in selection pressure. 
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Studies on mice and humans have shown that mate preference may also affect 
MHC polymorphism. Studies in mice have suggested that non-random mating in mice 
is correlated to MHC incompatibility (Egid and Brown 1989; Potts et a!. 1991 ). In 
addition, Yamazaki et al. ( 1983) demonstrated that mice can distinguish between con-
specifics that differ solely at MHC genes. Furthermore, Ober et al. (1997) showed that 
Hutterite (a Caucasian north American reproductive isolate of European ancestry) mate 
choice is influenced by HLA haplotypes, avoiding spouses with the same haplotype as 
their own. MHC recognition in mice (urine odors) and humans (urine-odors and sweat) 
is suggested to be determined through olfactory senses (Wedekind et al. 1995; 
Wedekind and Furi 1997). Certain populations of killer whale (British Columbia and 
Washington residents; Ford 2002) and bottlenose dolphin (west coast of Florida; 
Connor 1999) have been the subject of long-term studies, including extensive photo-
identification of individuals and family trees. These populations offer the opportunity 
to assess mate preference in cetaceans and MHC polymorphism. 
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